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ABSTRACT: Fertilizers derived from ammonia (NH,) play a vital . T —mrerc I N, + 3, > 2NH,
role in global food production, and ammonia is also emerging as a G e el

carbon-free fuel or hydrogen carrier. To facilitate the use of ammo- = 159

nia as an energy carrier, there is a need to develop catalysts that z

enable ammonia production under milder conditions than the cur- £ =
rent Haber—Bosch process. Industrially, high temperatures and pres- %

sures (>450 °C, >100 bar) are required, partly due to the need to = 9

operate at conditions where the iron oxide (Fe,0O,) catalysts are < g

reduced to the active Fe phase. Herein, we show that intimate con- 250 300 350 400

AHIFelC

tact between Fe,O; nanoclusters and alkali metal hydrides (LiH, Temperature (°C)

NaH, and KH), arising from their co-confinement in nanoporous

carbon, leads to high ammonia production under mild conditions (~250 °C and 10 bar), without prior reduction of the Fe,O,.
The alkali metal hydrides show profound differences in catalytic activity due to the differences in their interaction/reactivity with
Fe, O, nanoparticles, as well as activation of N,. These results show that co-nanoconfinement of metal hydrides and transition metal
oxides is a promising approach toward developing catalysts for low-temperature ammonia synthesis.
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1. INTRODUCTION

Ammonia is amongst the most produced chemicals used in the
production of synthetic fertilizers for agriculture."” It also
receives great interest as an energy carrier due to its high hydro-
gen content (17 wt% H), ease of transportation, and stability
over time.*"> However, future implementations as a sustainable
fuel should also coincide with improvements in the efficiency
and carbon footprint of ammonia synthesis. While ammonia
synthesis from the elements is exothermic and hence favored
at low temperatures, industrially, the reaction is performed at
high temperature and pressure (>450 °C, 100 bar). The reason
is the high kinetic barriers associated with the activation
and transformation of the strong triple-covalent dinitrogen
bond.*® The contribution of ammonia production to global
energy consumption and CO, emissions, including prior hydro-
gen synthesis, amounts to 1-2%.°'! Although some aspects of
the current industrial synthesis route benefit from high pressure,
the development of efficient and robust catalysts that can facil-
itate this reaction under milder reaction conditions is highly
desirable. The mild reaction conditions are especially suitable
for coupling intermittent and low hydrogen pressure sources
from solar and wind farms.

The most used ammonia synthesis catalysts are based on
transition metals (TM). The catalytic activity of these TM-
based catalysts exhibits a volcano-shaped dependence on the
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nitrogen adsorption energy.'” Industrially, the reaction can be
carried out at 400-500 °C and 100-300 bar using either iron
(Fe) or ruthenium (Ru) promoted with alkali metal oxides.
Although Ru-based catalysts of the KAAP process exhibit higher
intrinsic activity, high costs limit their large-scale use. In addi-
tion, Ru suffers from hydrogen poisoning at high pressure.
Therefore, currently, Fe-based catalysts are the most commonly
used in industry.

Great efforts have been devoted in recent years to realizing
efficient NH, synthesis under mild conditions (<400 °C and
<20 bar). Most of these efforts have focused on the addition
of alkali metal (AM) or alkaline-earth metal (AEM) oxides
(K,0, Cs,0, BaO)?"* !5 and electrides'®'® as promoters.
These promoters have been shown to enhance the catalytic
activity by donating electrons to both the Fe metal and N,.
Breaking the dinitrogen bond is generally the rate-limiting step,
and electron donation facilitates N, activation on the Fe.
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Promoters, by definition, are expected to exhibit limited to no
activity on their own, but improve the catalytic performance
of already catalytically active phases. The use of promoters in
the design of a more energy-efficient catalyst is limited by the
“scaling relation”. This scaling relation relates the adsorption
strength of N, on TMs to those of the NH, intermediates.'”

Recently, alkali- and alkaline earth- metal hydrides (such as
LiH, CaH, and BaH,), as well as aluminum hydride, have
emerged as both electronic promoters and additional active
sites.”>>* These hydride promoters offer a pathway to circum-
vent the scaling relations via their dual-site mechanism, while
also providing strong electron donation.*"**** Combining
these hydrides with Fe (also other transition metals such as
Mn, Co, Ni, and V) lowers the apparent activation energies
for NH, synthesis.”*** The effects have been related to the abil-
ity of the metal hydride to store hydrogen reversibly, in combi-
nation with the high electron-donating properties of the hydride
ion (H"). Hydrides combine electronic promotion and revers-
ible hydrogen storage properties, setting them apart from classi-
cal oxide-based promoters. Nanoconfinement of these metal
hydrides within a nanoporous carbon support has been shown
to significantly improve their catalytic activity and hydrogen
release kinetics in hydrogen storage applications.””** This is
attributed to the high dispersion, proximity, and thereby inter-
action with the carbon matrix.

So far, most efforts to improve catalytic activity under mild
conditions have focused on pure Fe, either as nanoparticles or
single-atom catalysts.”**>* However, industrial catalysts typi-
cally contain about 98% iron oxide (Fe,O,) mixed with alkali
metal or alkaline-earth metal oxide promoters, and are sup-
ported on alumina (Al,05).”*° The catalysts are prepared by
heating a mixture of these precursors to the molten state at
about 1600 °C. Even after this treatment, the commercial cata-
lysts still contain a significant amount of Fe O, phase; as a
result, a pre-reduction treatment is conducted around 500 °C
under high hydrogen pressure before the actual catalysis.

Herein, we demonstrate that co-confinement of oxidic iron
(FeyOx) nanoclusters and alkali metal hydrides in nanoporous
carbon leads to high ammonia activity under mild conditions
(~250 °C and 10 bar), even without prior reduction of the
Fe O, at elevated temperatures. The high activity is due to close
contact and interaction between the nanoconfined Fe,O, and
the alkali metal hydrides. The close contact facilitates in-situ
reduction of the Fe O,, and the activation and hydrogenation
of N, to NH;. Using well-defined carbon-supported Fe O,
nanoparticles in combination with three alkali metal hydrides
(KH, NaH, and LiH), we show that the catalytic activity is
strongly dependent on the interaction/reactivity of the alkali
metal hydrides with Fe O, nanoparticles, as well as with N,
and H, This work paves the way for developing active NH,
synthesis catalysts that overcome the need for reduction at ele-
vated temperatures and pressures.

2. EXPERIMENTAL SECTION
2.1. Synthesis

2.1.1. Materials. All chemicals were stored in an Ar-filled glove-
box (O, < 1 ppm, H,0O < 1 ppm). Graphene nanoplatelets (GNP-
500, XG Sciences, grade C, specific surface area of 500 m’ g_l) was
used as graphitic carbon support. GNP-500 contains ~0.13 at% of N
and ~3.73 at% of O based on XPS analysis.”" Iron nitrate nonahydrate
(Fe(NO;);(H,0),, Sigma Aldrich, >97.4%) and nitric acid (HNO,,

Merck, 65%) were used as received to prepare the aqueous iron nitrate
solution for incipient wetness impregnation. Potassium hydride (KH),
Sodium hydride (NaH), and Lithium hydride (LiH) were purchased
from Sigma-Aldrich. The alkali hydrides (AH) were delivered under
an inert atmosphere and in mineral oil. The mineral oil was washed
off with hexane, which was removed by drying under an inert atmo-
sphere. Magnesium oxide nanopowder was obtained from Strem
Chemicals and Ru (III) acetylacetonate (99.5%) from Sigma-Aldrich.

2.1.2. Catalyst Synthesis. Carbon supported iron (Fe/C) was
first made via incipient wetness impregnation of an acidified (pH
~1) aqueous iron nitrate (Fe(NO;),(H,0),) solution. The carbon
support was first dried in a round-bottom flask for 120 min at
170 °C, while stirring under dynamic vacuum to evacuate water and
air from the pores. This was followed by impregnation with the aque-
ous Fe(NO,),(H,0), solution under dynamic vacuum to obtain
Fe(NO;),/C. For catalytic testing, an appropriate amount of aqueous
Fe(NO;);(H,0), solution was impregnated to obtain a final Fe weight
loading of 1 wt%, which resulted in a fine dispersion of small Fe nano-
particles, thereby improving the contact between the different phases.
The Fe(NO,),/C was subjected to heat treatment (350 °C for 1.5 h
under N, flow to obtain FeO/C followed by reduction treatment
(350 °C for 1.5 h under H,/N, flow) to obtain Fe/C. The F/C was
then stored in the glovebox until further use. The Fe/C + alkali
hydride catalysts were prepared by mixing the carbon-supported Fe
nanoparticles and the alkali metal hydride (LiH, NaH, KH). The com-
ponents were transferred to a mortar and ground for S min, ensuring a
homogeneous mixture. The mixture was transferred to a quartz cruci-
ble and heated to 400 °C under Ar flow (heat treatment), followed
by an isothermal hold for 2 h. This step leads to partial decomposition
and infiltration of the alkali hydride into the graphitic carbon. This cat-
alyst (AH/Fe/C) was cooled under Ar flow and then transferred to the
Ar glovebox, where it was kept without exposure to oxygen or mois-
ture. We aimed to load the same amount of mole AH per gram of cat-
alyst. Due to the large differences in molar weight, the weight loadings
of AH were adjusted as shown in Table 1.

The 5 wt% Ru/MgO reference catalyst was prepared via wet
impregnation of MgO with an acetone solution of ruthenium acetylac-
etonate (Ru(acac);) precursor. After drying in air overnight, the cata-
lyst was a light red/pink-ish powder. The catalyst powder was then
reduced under a 10% H,/N, flow at a ramping of 2 °C min " to
400 °C, where it was held for 2 h. This treatment yielded a grey pow-
der and was then transferred to the glovebox until further use.

2.1.3. N, and H, Treatments. The fresh catalyst (~200 mg,
AH/Fe/C) was loaded into a quartz sample holder with a lid and
placed inside a stainless steel autoclave. For the N, treatment, an initial
pressure of 20 bar N, was applied at room temperature, after which the
sample was heated to 285 °C for 10 h. For the H, treatment, an initial
pressure of 20 bar H, was applied at room temperature, after which the
sample was heated to 285 °C for 2 h. After cooling, the remaining gas
was vented, and the autoclave was transported to the Ar glovebox with-
out exposure to air. The treated sample was removed from the auto-
clave and stored in the Ar glovebox.

2.2. Characterization

2.2.1. X-ray Diffraction. The presence of crystallographic phases
and graphitic properties of the graphitic carbon support of the compos-
ites were measured with powder X-ray diffraction (XRD) on a Malvern
Panalytical Empyrean powder X-ray diffractometer using a
Molybdenum source (Mo Ky, radiation, A = 0.7093 A) at 60 kV

Table 1. Alkali Hydride and Catalyst Properties

417 mmol g, ' M, (gmol") wt% at% AH:Fe (1 wt% Fe)

LiH 7.95 331 492 22:1
NaH 23.998 10.00  S5.26 23:1
KH 40.1062 1671  5.66 24:1
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and 40 mA. Diffractograms were measured at room temperature from
5° to 45° 26, with 0.014° step increments, in an argon-filled and sealed
sample holder.

2.2.2. Temperature—Programmed Desorption. Temperature—
programmed desorption (TPD) was performed on a Micromeritics
AutoChem II 2920 apparatus. The measurements were carried out
under argon flow to detect the hydrogen release from the samples, which
was quantified using a thermal conductivity detector (TCD) signal in
combination with an H,/Ar calibration. If desired, the outgoing gas
was also analyzed using a mass spectrometer (MS) from Hidden
Analytical equipped with the QGA Professional software package.
These TPD measurements enabled the determination of the hydrogen
content in the nanocomposite before catalysis, as well as changes in
decomposition temperature of the AH nanocomposites compared to
the bulk AH.

2.2.3. Temperature—Programmed Reduction. Temperature—
programmed reduction (TPR) was performed on a Micromeritics
AutoChem II 2920 apparatus. The measurements were carried out
under a 5% H,/Ar flow to monitor the hydrogen uptake from the sam-
ples. They were quantified based on the thermal conductivity detector
(TCD) signal in combination with a H,/Ar calibration. The outgoing
gas was also analyzed using a mass spectrometer (MS) from Hidden
Analytical, equipped with the QGA Professional software package.
To study the reduction of the Fe O, to Fe, 150 mg of FeO/C catalyst
was dried at 120 °C under Ar flow for 1 h. The sample was cooled
down to room temperature before switching to 5% H,/Ar flow of
25 mL min~" at 5 °C min~" up to 800 °C. For the hydrogenation of
nitrogen-treated samples, 70 mg of N,-AH/Fe/C was loaded and
heated to 425 °C at S °C min ', under 5% H,/Ar flow of 25 mL
min .

2.2.4. Nitrogen Physisorption. Nitrogen physisorption was
conducted at 77 K on a TriStar II Plus gas-volumetric instrument
(Micromeritics). The BET surface area was based on the fitting of
the experimental data with a Brunauer-Emmett-Teller isotherm, in
accordance with the Rouquerol criteria. The pore volume of the differ-
ent components was determined from the volume of absorbed N, at
p/po = 0.995.

2.2.5. HAADF-STEM-EDX. Scanning  Tunnelling  Electron
Microscopy (STEM) was performed using a TALOS F200X micro-
scope of ThermoFischer, operating at 200 kV. Semi-quantitative ele-
mental analysis and chemical mapping were performed using energy-
dispersive X-ray (EDX) spectrometry. The catalysts were dispersed
as a dry powder onto a Cu sample grid coated with holey carbon. At
least 150 iron nanoparticles were manually counted per sample on at
least 10 different locations using Image] software. Both the number-
averaged particle diameter (d,) and surface-averaged particle diameter
(dy) of the iron particles, including their standard deviations, were
calculated.”

2.2.6. HERFD-XANES. Fe K-edge high-energy-resolution fluores-
cence detection with X-ray adsorption near edge structure
(HERFD-XANES) spectra were collected at the 120-Scanning beamline
at Diamond Light Source (DLS), using the four-bounce Si(111) mono-
chromator and the XES spectrometer equipped with seven spherically
bent Ge(440) analyzers to measure the Fe K, emission line.** The high
resolution of HERFD-XANES enables us to study the local symmetry of
iron and probe the local environment.**” Fe Ko-XANES spectra were
collected in one session over the incident range of 70007300 eV with
the spectrometer fixed at the peak of the Fe K, line. X-ray energies were
calibrated by reference to the absorption of a Fe standard metal foil. The
beam spot size was 300 pm X 400 pm. Beam damage was assessed at the
pre-edge (7114.8 eV) and at the white line (7132.7 eV), as these areas are
sensitive to the structure and oxidation state of the iron. Based on the sig-
nal at these energies, the attenuation was adjusted, resulting in the use of
a 1 mm thickness carbon filter. With proper attenuation, we did not
observe any dose-dependent spectral changes. The data processing was
done with Athena data processing software.”® The background in each
post-edge and each pre-edge was fit with a linear line (normalization
order 2).

The samples were pressed into pellets, affixed to a sample holder
with carbon tape, and sealed in an aluminized Mylar bag, all within
an argon glovebox. This aluminized Mylar bag was sealed in the glove-
box to ensure measurements under an inert atmosphere. Fe-foil,
FeSO,-7H,0, and Fe(NO,);-9H,0 aqueous solutions (50 mM) were
used as references for our standard linear combination fitting, based on
earlier work by Yao et al.*’

2.2.7. Catalytic Testing. All catalytic tests were carried out using
a home-built, fixed-bed reactor, catalytic testing setup as described in
an earlier paper.”> The catalyst, typically 200 mg, was loaded into a
quartz tube (inner diameter 8 mm and outer diameter 11 mm). The
catalytic tests were performed under a continuous flow of N,:H,
(1:3, purity > 99.9999%). The temperature was increased with a ramp
rate of 5 °C min~', and measurements were conducted during an iso-
thermal hold of 20 min. The pressure was kept at 10 bar, and the flow
rate varied between 20 and 100 mL min~'. The gas outlet was con-
nected to a trap containing diluted sulfuric acid, where the generation
of NH," resulted in a change in conductivity. Calibrations with

1% NH,/He (purity > 99.9999%) gave a conversion factor of 0.687

pmol of NH, formed per pS cm™.

3. RESULTS—FE/C SYNTHESIS

Figure 1 illustrates the general schematic for the preparation of
our catalyst via the melt infiltration of alkali metal hydride onto
a porous carbon support with iron nanoparticles (AH/Fe/C).
We begin by synthesizing the carbon-supported Fe O, nanopar-
ticles. The catalysts were made through impregnation of a car-
bon support with iron nitrate solution (Fe(NO,),), followed
by thermal decomposition of the Fe(NO,), to form iron oxide
(Fe,0;) at 350 °C under N, and/or a mixture of 5% H,/N,
(Figure 1). As will be discussed in the next section, the thermal
decomposition under 5% H,/N, does not reduce Fe,O; to
metallic iron (Fe) but facilitates a high dispersion of Fe,O; on
the carbon. Subsequently, the carbon-supported iron nanoparti-
cles (referred to as Fe/C from here) were thoroughly mixed
with the alkali hydride (AH) using a pestle and mortar. The
mixture was heated to 400 °C under argon. This step led to par-
tial decomposition of the metal hydride and infiltration of the
molten metal phase into the carbon pores to form intimate con-
tact with the Fe, O, nanoparticles.

TPR-MS was used to investigate the conditions required to
reduce Fe oxide under hydrogen. Figure S1 shows that the
onset of hydrogen consumption occurs at 200 °C, with a peak
around 400 °C. The signal at 200 °C could indicate the begin-
ning of Fe oxide (Fe,0;) reduction, most likely to an

()

400 °C
2h, Ar

Nanoconfined AH on Carbon
with Iron Oxide Nanoparticles

Porous Carbon Support with
Iron Nanoparticles

Figure 1. Schematic illustration of heat treatment with the alkali
hydride is performed to induce melt infiltration. Adapted from refer-
ence 40 with permission. Copyright 2016, Elsevier.
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intermediate state such as Fe;O, or FeO. However, the forma-
tion of CO and CO,, as seen from the TPR-MS measurements
(Figure S2), shows that other reactions are occurring. This is
likely the removal of the carboxylic surface groups on the car-
bon support, as observed by Visser et al.>* The second hydro-
gen peak at 650 °C, observed in both the MS and TCD
results, overlaps exactly with methane formation, which begins
around 500 °C and peaks around 600 °C. Based on these obser-
vations, the thermal treatment to 350 °C under 5% H,/N, does
not reduce the Fe,O, but rather aids the removal of the carbon
surface groups, without methanation of the carbon.

The particle size of the Fe,O, nanoparticles was determined
using HAADF-TEM, while the distribution and presence of
Fe,O; were confirmed via STEM-EDX (Figure S3). The aver-
age particle size was 2 nm, both numerical and Sauter mean
(Figure S4). Note that such small particles and a fine distribu-
tion are desired for enhanced interface/interaction between
Fe O, and AH. Due to the small particle size and low weight-
loading of the FeyOx, XRD could not give any meaningful
insight into the catalyst’s structure; hence, HERFD-XANES
was used to determine the Fe phase. Figure S5 compares the
as-prepared Fe/C and Fe O, reference materials (Fe foil,
FeO, and Fe,0, for Fe®, Fe*", and Fe®*, respectively). The fig-
ure indicates the presence of Fe>*, but due to the incomplete
match between the reference materials and the Fe/C catalyst,
the linear combination fitting was challenging. Specifically, the
edge jump of Fe/C appears to indicate a similar or even slightly
higher oxidation state compared to the Fe,O, reference.
Although uncertain of the exact origins of this discrepancy,
Yao et al. found that for iron nanoparticles, better linear combi-
nation fits are obtained using dissolved Fe salts.** We found
that using these Fe salts for linear combination fitting accom-
modated the effects of nanosizing, resulting in fits with

R* = 0.9875 on average. These LCF results are summarized
in Table S1. The carbon-supported nanoparticles prior to the
addition of AH could be fit with R* = 0.9982 using these refer-
ences, which gave a Fe3* concentration of 95%.

These results prove that our preparation route led to well-
defined and highly dispersed Fe,O; nanoparticles on the carbon
supports. The Fe/C (precisely Fe,0,/C) was mixed with an
appropriate amount of alkali metal hydride (LiH, KH, or
NaH) and heated to 400 °C under argon. The XRD and
HERFD-XANES of these nanocomposites are displayed in
Figure 2. As described earlier, this treatment results in partial
or complete decomposition of the metal hydride, followed by
the infiltration of the molten metal phase into the carbon pores
to form the active catalyst. This technique (melt infiltration) has
been used extensively for the synthesis of nanoconfined metal
hydrides for reversible hydrogen storage applications.*"**

The bare alkali hydride and carbon support were measured
independently, and are displayed in Figure 2a. The carbon sup-
port shows the typical reflections for graphitic carbon, and for
the AH + Fe/C physical mixtures, the KH and NaH reflections
are clearly observed (Figure S6). The subsequent heat treat-
ment results in (partial) dehydrogenation of the alkali hydrides.
The (partial) dehydrogenation of KH facilitates the formation
of potassium hydride-graphite intercalated compounds
(KH-GIC, Figure 2c). The absence of AH reflections (12°—
17°) after the heat treatment indicates that the alkali metal or
partially decomposed hydride is highly dispersed on the carbon
and lacks long-range crystallinity upon nanoconfinement.*"**
The changes in nanocomposite reflections due to heat treat-
ment (and later after catalysis) are more apparent when com-
pared to their physical mixtures (Figure S6). Intercalation of
KH has been reported when graphitic carbon materials were
used to prepare KH/C nanocomposites (KH-GIC).*
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Figure 2. (a) XRDs of the bare carbon and alkali hydride materials, (b) the Fe K-edge HERFD-XANES spectra, (c) XRDs, and (d) the linear-
combination fitting results of the fresh AH/Fe/C catalysts and the Fe/C reference catalyst.
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The formed KH-GIC phase can catalyze ammonia synthesis at
moderate temperatures, even without a transition metal.?? In
our case, there is indeed a shift in the carbon reflections of
KH/Fe/C, but some of the main reflections of the graphitic C
are still present, indicating that some of the graphite has not
been intercalated with KH. The difference in the degree of
intercalation compared to the previous study, in which all the
C was intercalated, is likely due to the difference in the proper-
ties of the carbon scaffolds, which are known to influence ion
intercalation. On the other hand, the slight shift in the C peaks
indicates a limited intercalation of KH, but is negligible for the
NaH and LiH-based nanocomposite, suggesting that Na and Li
do not readily intercalate into this carbon material under the
experimental conditions.

Nitrogen physisorption (Figure S7 and Table S2) was used
to demonstrate confinement of the AHs in the carbon pores.
The surface area and pore size distribution of the pure carbon
support and the FeO,/C are quite similar. The majority of
the pores are around 2 nm, with a continuous distribution up
to 100 nm. Although the AH/Fe/C nanocomposites maintain
the porous structure of the carbon, they show a significant
decrease in the pore volume between 2 and 40 nm, suggesting
that the AH is confined in the pores. The pore volume losses
exceed the total volume of alkali metal (hydride) added, which
suggests a significant degree of pore blocking in both micro-
and mesopore regimes. This pore blocking and the consequent
loss of (micro)pore volume is much more prominent for
KH/Fe/C and NaH/Fe/C, where 0.29 and 0.31 cm? g1 of
pore volume was lost compared to the 0.19 and 0.10 cm® g*
of alkali metal (hydride) which was added. The limited pore
volume loss of LiH/Fe/C (0.09 cm® g') is attributed to the
fact that most of the LiH has not decomposed during the syn-
thesis and therefore has not fully melted to infiltrate the pores.

STEM-EDX measurements were performed to visualize the
distribution of the different components in the fresh catalysts
(after melt infiltration) and assess the proximity between iron
and the alkali metals potassium and sodium. As can be seen in
Figures S8-S11, the iron nanoparticles are homogeneously dis-
tributed throughout the carbon supports. The alkali metals are
detected in three distinct configurations: (i) finely distributed
throughout the support, (ii) on the external surface of the car-
bon particles, and (iii) as agglomerates throughout the carbon
support. These measurements confirm the intimate contact
and co-confinement within the porous carbon support.

To study the effect of the AH addition on the Fe, O, the oxi-
dation state and local environment of Fe in the AH/Fe/C cat-
alysts were analyzed using HERFD-XANES (Figure 2b).
Without the addition of AH, the FeO/C spectrum and %Fe°
do not change significantly even after the reduction treatment
(5% H,/N,, 1 bar, 350 °C) and subsequent catalytic testing
(75% H,/N,, 10 bar, 250-425 °C) (Figure S12, Table S1).
The absence of peaks in the post-edge region suggests low
long-range order, which correlates with the small individual
nanoparticles observed with TEM.*” Figure 2b shows that the
addition of the AH leads to profound changes in the Fe edge
spectra, as indicated by the change in shape of the pre-edge
and shift of the edge jump to lower energies. The edge shift
to lower energies is most prominent for KH/Fe/C and is char-
acteristic of a change in oxidation state, namely the (partial)
reduction of Fe,O,. The subsequent loss of pre-edge features
due to increased Fe-Fe contribution in this region limits the
probing of the local coordination environment.*” However, this

environment can still be probed using the post-edge features,
specifically in the 7135 to 714S eV range.>”**~** Interestingly,
the effect of the AH addition differs largely across the different
AHs. While LiH leads to slight changes compared to the Fe/C
starting material, the NaH/Fe/C and KH/Fe/C samples show a
larger shift to more reduced iron. The relative fractions of Fe3t,
Fe’", and Fe® in the nanocomposites were determined based on
linear combination fitting using the XANES spectra from
Fe(NO,),, FeSO,, and Fe foil, respectively (Figure S13). The
Fe foil was stored and measured under an argon atmosphere
to avoid partial oxidation. The linear combination fits of the
fresh catalysts are shown in Figures S14-S17 and the results
are summarized in Figure 2d and Table S1. These results show
that NaH/Fe/C and KH/Fe/C have an Fe® content of about §
and 12 times higher than that of LiH/Fe/C. These observations
suggest that the addition of the AH facilitates the reduction of
Fe,O, nanoparticles under these mild conditions (400 °C,
Ar) more than a hydrogen atmosphere does. The presence of
AH likely promotes reduction by increasing the electron density
on the iron oxide.

It should be noted that all catalysts were prepared with the
same AH molar loading (4.17 mmol AH g_'). This results
in a significant difference in weight loading due to the difference
in molecular weight. LiH is thermally the most stable amongst
the AH used and is therefore expected to be less reactive
and/or mobile at 400 °C. The stability of LiH could limit its
ability to facilitate the reduction of Fe,O, under these mild con-
ditions. To assess whether the lower degree of reduction
observed for LiH/Fe/C originates from the intrinsic properties
or accessibility of LiH, the weight loading was increased to 10
wt % (12.62 mmol AH g_"). Indeed, increasing the wt% load-
ing of LiH led to a higher degree of Fe,O, reduction, from 5 to
58 %Fe® (Table S1).

This result indicates that although LiH is the most thermally
stable of the AHs, it is capable of interacting with and facilitat-
ing the reduction of Fe,O;. Since the LiH/Fe/C has a similar
molar ratio of AH to Fe,O;, compared to the NaH and KH
containing samples, the lower degree of reduction (amount of
Fe®) compared to the NaH- and KH-containing samples is
likely due to other factors, such as the distribution of LiH on
the Fe/C, or differences in reactivity. Indeed, the
HERFD-XANES suggest additional effects (Figure S18).
These aspects will be addressed more extensively in the follow-
ing sections. In summary, the results from the TPR-MS,
STEM-EDX, and HERFD-XANES demonstrate that the as-
prepared catalysts consist of well-dispersed Fe,O nanoparticles
that are partially reduced by the presence of the alkali hydride.
Note that performing melt infiltration of AHs without fully
reducing the Fe,O; nanoparticles (at higher temperatures and
hydrogen pressure) ensures retention of the fine dispersion
and distribution of the Fe,O, on the carbon.

4. RESULTS—CATALYTIC ACTIVITIES OF AH/FE/C

The AH/Fe/C catalysts were stored in a glovebox after synthe-
sis and then placed in an airtight fixed-bed reactor to evaluate
the ammonia synthesis performance. A 1:3 mixture of N, and
H, was flown through the catalyst bed, and the outlet gas was
bubbled through a sulfuric acid solution, where a calibrated con-
ductivity meter quantitatively measured the NH; production.
Figure 3a displays the production of NH; over the temperature
range 250—425 °C. While the Fe/C (Fe,0,/C) and AH/C
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Figure 3. (a) Temperature dependences of the activities of different AH/Fe/C catalysts (AH = LiH, NaH, and KH) and the reference SRu/MgO
catalyst for NH,, synthesis. Reaction conditions: 10 bar, 250—425 °C, and 18,000 mL g_,, " h™". (b) Arrhenius plots of the AH/Fe/C catalysts and the

reference SRu/MgO catalyst under reaction conditions.

exhibit limited NH, production at 400 °C (Figure S19),
AH/Fe/C nanocomposites show significantly higher ammonia
production, which increases with increasing temperatures.
Note that to ensure a fair comparison, all the catalysts contain
the same molar loading of AH (4.17 mmol AH g_,"). Ru is
generally considered the most active transition metal for ammo-
nia synthesis. Therefore, the catalytic activity of unpromoted
5 wt % Ru/MgO was compared to those of the AH/Fe/C nano-
composites. Clearly, the AH/Fe/C nanocomposites show supe-
rior catalytic performance under these mild conditions.

At lower temperatures, the catalyst activity follows the
trend KH > NaH > LiH; however, at higher temperatures
(=425 °C), the trend reverses to KH > LiH > NaH. Based
on the HERFD-XANES of the fresh catalysts in (Table S1),
LiH/Fe/C has the lowest %Fe® and is the only catalyst that
shows a delayed onset in catalytic activity. The apparent activa-
tion energies (E,,) of NH, synthesis over these AH/Fe/C
nanocomposites were derived from the Arrhenius plots
(Table S2 and Figure 3b), and span a broad range. The E_,
values of KH/Fe/C and NaH/Fe/C (40 and 45 kJ mol ™,
respectively) are comparable to those reported for similar other
AH-transition metal systems (46—64 k] mol')****** and much
lower than the E,_, of SRu/MgO (105 kJ mol™). The similar
activation energies for the KH and NaH catalysts do not corre-
late with their average iron oxidation state (%Fe®, Table S1).
This suggests that the electronic promotion effect of KH and
NaH is not limited to the FeyOx reduction, but also extends

to the N, activation on Fe. These values strongly deviate from
the LiH/Fe/C catalyst (181 kJ mol™).

To gain insight into the state of the catalyst after reaction and
during cooling, the spent catalysts were characterized. The XRD
diffractograms of the spent catalysts in Figure S6 did not show
any reflections from the AHs, indicating a further loss of crystal-
linity of the AHs during catalysis. No significant change could
be seen in the HERFD-XANES spectra of the Fe,O,/C during
catalysis (Figure S12). This is a strong indication that the oxida-
tion state of Fe is hardly affected under these mild reaction con-
ditions, but the presence of the AHs greatly facilitates the
reduction of Fe,O5.

Similar to the Fe,0,/C, the HERFD-XANES spectra of
NaH/Fe/C and KH/Fe/C showed only minor changes after
catalysis, suggesting no significant changes in the oxidation
state of the Fe (Figure S20). However, the LiH/Fe/C shows
a remarkable increase in %Fe® when comparing the spent
and fresh catalysts (Figure 4a, b and Table S1).
Interestingly, NaH/Fe/C and KH/Fe/C maintained their cat-
alytic activity during cooling (Figure 4c), while LiH/Fe/C
showed much higher ammonia synthesis activity over a larger
temperature range during cooling, compared to the heating
ramp. Thus, the increased activity of LiH/Fe/C during cool-
ing coincides with an increase in %Fe. Based on the changes
in temperature-dependent activity and %Fe°, LiH/Fe/C has
undergone a secondary reduction during catalysis.
Additionally, the E_, of LiH/Fe/C during cooling is in the

act
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Figure 4. (a) The Fe K-edge HERFD-XANES spectra of the fresh and spent LiH/Fe/C catalysts, (b) the linear-combination fitting results of the
spent AH/Fe/C catalysts, and (c) NH, synthesis catalysed by AH/Fe/C. Temperature dependence of the NH; production rate of AH/Fe/C during
cooling, Reaction conditions: 10 bar, 425-225 °C, and 18,000 mL g_, " h™".
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same range as the other catalysts (53-68 kJ mol™,
Figure S21). These activities during cooling are similar to
other LiH-TM catalysts, 2—5 mmol NH; g{1 h7!, and higher
than NaH-TM and KH-TM catalysts at 300 °C and
10 bar, 202446

Increasing the amount of LiH resulted in an increase in the
concentration of Fe® to 58% after catalyst preparation, compara-
ble to that of KH/Fe/C (64%, Table S1). Despite this similar
%Fe®, the high-loading LiH/Fe/C showed inferior catalytic
activity at lower temperatures compared to the KH-based cata-
lysts (Figure S22), confirming that the Fe’ content alone can-
not account for the delayed onset in catalytic activity. TPD
results, as will be discussed in the next section, show that hydro-
gen release from LiH/Fe/C continues well into the isothermal
hold of the heat treatment, and yet is incomplete, in contrast
to KH and NaH. This demonstrates that the activation of LiH
under the catalytic conditions is kinetically limited. Thus, if Li
or Li-FeH_, is the catalytically active phase, it means that the
active site is still evolving/being formed during the Arrhenius
measurement, as seen from the catalytic data. This explains
the high activation energy. Even when sufficient Li and Fe®
(or Li-FeO,) is formed, for instance, in the sample with 10
wt% LiH (Figure S18 and Table S3), the high stability of LiH
(dehydrogenation enthalpy of 181.2 kJ/mol of H,)*’ makes
LiH the thermodynamically stable phase under the high hydro-
gen pressure (10 bar), hence a higher temperature is needed to
shift the equilibrium to the Li + H, phase, where Li can interact
more with Fe and N,.

Upon cooling, LiH/Fe/C catalysts showed nearly identical
catalytic activities and activation energies (Figure $23,
Table S3). Therefore, the reduction of Fe,O, during catalysis
cannot account for the delayed onset in activity observed for
the LiH/Fe/C catalysts at lower temperatures. This suggests
that additional processes, beyond iron oxide reduction, espe-
cially the stability of the LiH and/or Li-Fe—H,_ phases, influ-
ence ammonia synthesis in LiH/Fe/C under these conditions.

Even though the initial reduction treatment of the Fe,O,
nanoparticles (before adding the AHs) did not appear to signif-
icantly change the properties and/or composition of the Fe
metal center, the catalytic activity of AH/Fe/C is almost halved
if the prior reduction treatment is not performed (Figure S24).
We attribute this to the presence of surface groups on the car-
bon, as indicated by the CO/CO, formation during TPR
(Figure S2). If not removed by reductive treatment under
hydrogen, these surface groups react with the alkali hydride,
resulting in their oxidation. The importance of inert handling
is highlighted when the catalysts are exposed to air overnight.
The HERFD-XANES results show near full oxidation for all
samples, for example, the LCF of NaH/Fe/C, a near full con-
version to Fe** (Table S1, Figure S25), and the catalytic activity
was reduced to a maximum of 0.2 mmol NH, g' h™" at 400 °C
and 10 bar (Figure S26).

The stability of the catalysts was evaluated by monitoring
ammonia production over time using 100 mg of catalyst under
conditions of SV = 36,000 mL g* h™!, 300 °C, and 10 bar
(Figure S27). KH/Fe/C exhibits a brief activation period dur-
ing the first two hours on stream, after which the activity
decreases slightly and gradually through 8 h; nevertheless, the
catalyst retains considerable activity after 26 h, indicating rea-
sonable medium-term stability. LiH/Fe/C displays a different
activation profile, with activity increasing progressively during
the initial hours before plateauing at 8 h. The activation under

reaction conditions is similar to the observed catalytic activities
during heating and cooling, and similar to KH/Fe/C, this cata-
lyst retains good activity after 26 h. NaH/Fe/C shows a similar
activation pattern compared to LiH/Fe/C, and both plateauing
around an ammonia production rate of 2.8 mmol g h™". The
major difference lies in the time in which the plateau is
achieved, which is already after one hour on stream. This could
be attributed to the slow kinetics of in-situ reduction of iron
oxide in LiH/Fe/C due to the sluggish hydrogen release kinet-
ics of LiH, as observed in the TPD. The different activation pro-
files across the three alkali hydride systems suggest that the
activation dynamics are governed by the identity (stability) of
the alkali hydride.

It is important to note that air exposure oxidizes both the Fe
and alkali hydride components in the nanocomposite. While the
reduction of the resulting Fe,O; might be possible under high
temperature (above S00 °C) and high hydrogen pressure,
regeneration of the formed alkali hydroxides and oxides back
to the metallic or hydride phase requires even harsher condi-
tions due to their thermodynamic stability. Moreover, the con-
ditions required for Fe reduction, high temperature and
reducing atmosphere, would result in methanation of the car-
bon supports, further affecting the support properties.
Deactivation due to oxidation/air exposure should therefore
be avoided, highlighting the need for inert handling, storage,
and use.

5. RESULTS—MECHANISTIC INVESTIGATIONS

Ammonia synthesis on heterogeneous catalysts involves the
adsorption and activation of both N, and H,. Alkali hydrides
can reversibly adsorb/desorb H, and also form N, H, species,
such as in KNH, and LiNH,. As hydrides are expected to
actively participate in the hydrogenation of adsorbed nitrogen
species, high regeneration of these sites under catalytic condi-
tions (high hydrogen absorption/release kinetics) could
improve the overall catalytic activity. Therefore, we investigated
the effects of nanoconfinement and the presence of Fe,O, on
H, absorption and release on the alkali metal hydrides. The
AH/Fe/C catalysts were (re)hydrogenated at 275 °C, 20 bar,
2 h (H,-AH/Fe/C).

The hydrogen formation during the initial heat treatment
and after (re)hydrogenation was compared in Table 2 and
Figure S. The nanocomposites showed peak hydrogen release
at significantly lower temperatures than those reported for the
bulk AHs; therefore, the presence of a porous carbon resulted
in a large decrease in decomposition temperatures. The pres-
ence of Fe,0, did not have a significant impact on the decom-
position behavior nor the amount of hydrogen released
(Table 2 and Figure S28), indicating that the improved decom-
position behavior is primarily governed by the porous carbon
support rather than interaction with Fe,O,. Thus, the presence

Table 2. Hydrogen Release Quantities (%H) of the Prepared
Nanocomposites during TPD Measurements

sample AHref. AH/C AH/Fe/C H,-AH/Fe/C
composition (%H) (%H) (%H) (%H)
LiH 3 48 5SS 25
NaH 97 77 77 66
KH 85 89 94 70
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Figure 5. Temperature-programmed desorption profiles (Ar-TPD) of the physical mixtures of AH + C before heat treatment (PM) and hydrogen
(H,)-treated AH/Fe/C catalysts under a flow of argon during the heating step (5 °C min™" to 400 °C) and the subsequent 2 h isothermal hold for
LiH/Fe/C (a, b), NaH/Fe/C (c, d), and KH/Fe/C (e, f). The release of hydrogen indicated the partial decomposition of AH, either thermally or by

the reaction with the porous graphite support.

of the graphitic carbon support leads to significant improve-
ment in the thermal decomposition and reactivity of the
hydrides.

After the first hydrogen release measurements (TPD), the
decomposed samples were re-hydrogenated, and a second
TPD was then conducted. Based on the second TPD, all
the catalysts showed reversible hydrogen release/uptake
(Table 2). A decrease in hydrogen release for the second cycle
is often observed for metal hydrides in reversible hydrogen
storage applications, especially for the nanocomposite mate-
rials.*®* This is often attributed to a more sluggish re-
hydrogenation kinetics (especially under these experimental
conditions) compared to dehydrogenation, and/or irreversible
reaction with the carbon matrix (surface groups) to form inac-
tive materials. Nevertheless, all catalyst compositions exhibited
reversible hydrogen uptake and release under the conditions
tested, which is relevant for their use in ammonia synthesis.
The difference in their reversible capacity highlights the differ-
ences in the interaction of the AHs with the carbon and in their
hydrogen absorption kinetics.

To study the N, activation and (de)hydrogenation of the
different catalysts, the fresh catalysts were treated with 20 bar
N, at 285 °C for 10 h. This treatment should lead to the
adsorption/activation of N, and/or the formation of surface
nitrides/amides. After this step, the samples were subjected to
H,-TPR and Ar-TPD (Figure 6). Temperature-programmed
desorption under an argon atmosphere (Ar-TPD, Figure 6b,d)
did not show release of N, or NH; from the LiH/Fe/C and
NaH/Fe/C catalysts. Lithium amide is known to undergo a

multi-step thermal decomposition, producing ammonia
between 300 and 450 °C, whereas sodium amide decomposes
between 200 and 400 °C, producing ammonia and hydrogen,
neither of which was observed in the samples. However, N,
was observed for KH/Fe/C at 250400 °C (Figure 6f), which
matches the decomposition temperature of KNH,. Note that
all three catalysts released H, at 250—42S °C, indicating that
in the absence of hydrogen pressure, the alkali hydrides decom-
pose further after melt infiltration.

To investigate the hydrogenation step, the nitrogen-treated
catalysts were heated under a 5% H,/Ar flow (Figure 6a,ce).
Only for potassium, N, and NH, were detected between 200
and 400 °C, most presumably originating from the hydro-
genation of the surface nitrogen species. The onset of ammonia
production overlaps with the lowest temperature at which
ammonia is observed under reaction conditions. For sodium,
a more pronounced ammonia peak is observed. The TPD and
TPR results suggest that KH is better able to activate N,; per-
haps it has the most favorable intermediate binding strength
with N, and hence can readily absorb and desorb N,. This could
also be related to its ability to form graphite intercalated KH
(KH-GIC),”* which has been shown to bind molecular N,
under moderate conditions.

The Ar-TPD and H,-TPR on the nitrogen-treated catalysts
(N,-KH/Fe/C and N,-NaH/Fe/C) confirm that both catalysts
are capable of activating N, However, the nature and strength
of nitrogen binding are different between the two catalysts.
N,-KH/Fe/C released small amounts of N, under Ar flow
and NH; under H, flow, indicating a relatively weak interaction
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Figure 6. MS signals of N, (m/z = 28) and NH, (m/z = 17) during temperature-programmed reduction (H,-TPR) and desorption (Ar-TPD) of
the nitrogen-treated LiH/Fe/C (a, b), NaH/Fe/C (¢, d), and KH/Fe/C (e, f) catalysts (70 mg). CH, (m/z = 16) was also monitored to check for

support methanation, but none was observed under these conditions.

between the catalyst and nitrogen. On the other hand, N,-
NaH/Fe/C showed large amounts of NH, formation under a
reducing atmosphere, but at a higher temperature, and no N,
was released under an inert (Ar) atmosphere. These results
indicate that adsorbed nitrogen is bound more strongly on the
N,-NaH/Fe/C and hence cannot be desorbed as molecular
dinitrogen under these mild conditions, as in the case of N,-
KH/Fe/C, but can be hydrogenated to ammonia. While the
larger H,-TPR peak for N,-NaH/Fe/C indicates the formation
of higher amounts of NH, due to stronger activation of N, this
relatively stronger binding does not result in greater catalytic
activity than for N,-KH/Fe/C under the experimental condi-
tions. This is also evident from the higher NH, release temper-
ature observed for the N,-NaH/Fe/C. These results are
consistent with the Sabatier principle, where an intermediate
binding strength is desired. The trend also follows the stability
trend of the alkali metal amides and nitrides, which are

considered possible intermediate species in AH-mediated
ammonia synthesis. However, it is important to note that the
TPD and TPR experiments were conducted under atmospheric
pressure and gas flows dissimilar to the ammonia synthesis con-
ditions, and therefore simply serve as mechanistic probes. As
LiH/Fe/C was activated during ammonia synthesis, we also
tested the spent LiH/Fe/C catalyst. After catalysis, the
LiH/Fe/C catalyst was subjected to the same N,-treatment,
followed by H,-TPR, and again, no significant formation of
N, and/or NH; was observed (Figure $29).

The TPD/R results on Fe,O,/C showed that it is capable of
nitrogen adsorption and/or activation, which is later released as
N, under both Ar and H,/Ar atmosphere (Figure S30). During
catalytic testing, Fe,O,/C produced ammonia only at 400 °C,
but in an amount that is 102 times lower than for the KH-
promoted catalysts (Figure S19, 400 °C, 10 bar, 14.00 vs.
0.14 mmol g' h™"). Note that this graphite support contains
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~0.13 at% of N due to nitrogen-containing groups, as com-
monly found on graphitic porous carbon materials.*!

For the Fe/C, KH-, and LiH-based catalysts, the H, and N,
treatments had minor effects on the Fe K-edge
HERFD-XANES spectra when compared to the fresh catalysts
(Figures S12, S31, and S32). This is in line with the observed
weak interaction between H,/N, and the catalysts. However,
the NaH/Fe/C catalysts proved to be much more sensitive to
these treatments (Figure $33). The N,-NaH/Fe/C showed a
significant increase in %Fe’, from 25 to 62% (Table S1). The
H,-NaH/Fe/C pre-edge peak splitting in Figure S33 revealed
that the iron coordination had changed to octahedral Fe, com-
pared to the tetrahedral Fe observed for Fe/C. We attribute this
to the reversible formation of sodium ferrite, which has been
reported to result in variations in Fe-O bond length and Fe
coordination,” combined with the peak at 7138 eV, which only
appeared for the NaH/Fe/C samples. The specific peak at
7138 eV has been observed after annealing stainless steel at
900 °C under N,°' and in Fe-containing perovskites,”* but
without a clear designation or any of the other characteristic fea-
tures observed for NaH/Fe/C. This proves that the interaction
between Fe and Na is much stronger, although this does not
lead to additional benefits in ammonia synthesis, compared to
the other AH/Fe/C.

The catalytic activity trend KH > NaH > LiH under these
mild reaction conditions can be explained by the electron-
donating ability and stability/reactivity of the hydride phase.
Alkali hydrides act as electron donors to the adjacent iron spe-
cies, which is expected to improve both the reduction of Fe,O5,
as well as promote the N, activation through increased back-
donation. The enhanced reduction of Fe,O; is confirmed by
the XANES and LCF results, which indicate that the concentra-
tion of the Fe® follows the same trend in the fresh AH/Fe/C
catalysts. KH is the least stable or most reactive among the
three hydrides, and the highest electron donor. It is also known
to react readily with graphitic carbon, leading to destabilization
and sometimes intercalation of K-ion, and thereby hydrogen
release under moderate conditions. Clearly, the TPD data show
that the KH-based nanocomposite has the lowest hydrogen
release temperature. Additionally, the XRD results confirm the
interaction between KH and the carbon to form an intercalated
phase (KH-GIC), which presumably influences the electronic
environment, facilitates the interaction with, and reduction of,
the FeO, phase.

KH is closely followed by NaH in terms of stability and elec-
tron donation, while LiH is quite stable, showing sluggish
hydrogen release kinetics, and thereby low interaction with
FeO, as explained above. These observations are also remark-
ably in accordance with the trend observed for alkali (hydr)ox-
ide, imides, or amide promoters,>> where the activity trend is
shown to follow the electron-donating strength trend, K > Na
> Li. Therefore, we propose that catalysis occurs at the interface
between the reduced iron nanoparticles and the alkali metal,
where both nitrogen activation and hydrogenation can occur
in close proximity. However, a full identification of the interfa-
cial active sites requires dedicated characterization beyond the
scope of this work.

6. CONCLUSIONS

We have investigated the catalytic activity of alkali metal hydrides
and iron oxide nanoparticles co-confined in graphitic carbon

nanoscaffolds. By combining incipient wetness impregnation
and melt infiltration, we prepared AH/Fe,O,/C nanocomposites
(AH = LiH, NaH, and KH, 4.17 mmol AH gcatfl). These
catalysts exhibit impressive catalytic activity for ammonia synthe-
sis under mild conditions, even without complete reduction of
the iron oxide. The catalytic activities of these AH/Fe/C nano-
composites surpassed that of the unpromoted classical Ru/
MgO catalyst under identical reaction conditions. Results from
structural and electronic characterizations suggest that the high
catalytic activity is due to the intimate contact between the AH,
Fe,O; nanoparticles, and the graphitic carbon. This facilitates
the reduction of Fe-O to catalytically active Fe’, promotes N,
activation on the catalysts, and enhances the kinetics of hydrogen
sorption on the alkali hydrides, thereby facilitating hydrogenation
of the nitrogen intermediates to NH;.

The catalytic activity of the nanocomposites is highly depen-
dent on the AHs, with KH/Fe/C > LiH/Fe/C > NaH/Fe/C >
Fe/C. Remarkably, the LiH-based samples show a composition-
dependent activation, unlike the other catalysts. These distinc-
tions are related to differences in the interaction of the nano-
confined AH with Fe,O; nanoparticles, as well as with N, and
H, These results demonstrate that the addition of alkali metal
hydrides is a promising approach to develop novel ammonia
synthesis catalysts that are active under milder conditions (tem-
perature and pressure), even when transition metal oxides are
used instead of the fully reduced metal phase.
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