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This study investigated (Ru-)Mo2C (MXene) materials for ammonia thermo-catalytic synthesis under atmospheric
or moderate pressure. Under a Hy-N3 (3:1) flow, the Mo,C MXene phase showed limited activity in ammonia
synthesis at atmospheric pressure at 400 °C (0.01 mmol h™* g-!), which increased significantly with temperature
and pressure, reaching 2.07 mmol h™' g™ at 500°C and under 5 bar. Interestingly, Mo-based MXene was able to
generate an appreciable quantity of ammonia without promoters such as ruthenium, the most active metal for the
ammonia synthesis reaction. Unexpectedly, the addition of Ru to MoC did not enhance its activity. The nitriding
of the MXene under NHs3 or N3 was then performed and characterized. A thermal treatment under NH3 (600 °C,
5 bar) was efficient and, interestingly, nitriding also occurred in a lower extent under Ny (600 °C, 5 bar) for the
sample containing ruthenium. The N-containing MXene produced ammonia under pure Hy flow from tempera-
tures lower than 250 °C. Consecutive nitriding treatments and ammonia production under pure Hy were suc-
cessfully achieved and demonstrated for 5 cycles. This result is promising for chemical looping ammonia
production process. This work highlights essential aspects that should be explored for future advances to consider

using MooCTyx MXene for the efficient thermal production of ammonia.

1. Introduction

Ammonia is one of the most synthesized chemical compounds in the
world, with a production of about 180 million tons per year, in
continuous expansion [1]. Ammonia is used in many industrial sectors,
in particular for soil fertilization [2]. Ammonia has also been identified
as a promising carbon free fuel for power generation and energy carrier,
particularly attractive as a hydrogen storage molecule [3].

The well-known Haber-Bosch (HB) process for ammonia synthesis
(N3 + 3 Hy S 2NHj3) usually involves an iron-based catalyst that requires
high reaction temperatures (400-600 °C) and high pressures
(150-200 bar) [4]. This technology, including hydrogen production, is
responsible for 1-2 % of the world’s annual energy consumption and
more than 1 % of total annual global emissions of anthropogenic CO» [4,
5]. More efficient ammonia production requires less energy-consuming
conditions, which remains a major challenge, according to the ammonia
roadmap technology [6]. To achieve this objective, the development of
new catalytic materials, active at lower temperatures and pressures,
retains particular attention. Over the last decades, with the aim to

* Corresponding authors.

promote the N5 activation molecule and avoid the hydrogen poisoning
effect, several new heterogeneous catalyst families have been proposed,
such as hydrides, electrides, or nitrides, generally associated with
ruthenium [7]. Among the large variety of studied material families,
electronic conductors are especially attractive since the electronic
enrichment of the antibonding orbitals of Ny is necessary to weaken the
very stable N=N triple bond and promote Ny activation [8]. In this
context, the properties of two-dimensional (2D) materials such as
MXenes appear attractive, especially associated with Ru nanoparticles
(NPs) to make a co-catalyst, as demonstrated theoretically [9,10]. This
class of 2D materials follows the formulae M, 1X,Tx and is composed of
M, 1X, lamellae, where M is an early transition metal (TM) such as Ti,
Cr, V, Mo and/or Nb; X is carbon or nitrogen with n ranging mainly from
1 to 4; and T stands for terminal groups grafted to the surface [11].
MXenes have gained increasing attention for a large range of applica-
tions since their first report in 2011 [12]. The combination of the layered
2D structure with numerous MXene compositions offers excellent
physicochemical properties such as high thermal and electronic con-
ductivity, high Young modulus, tuneable electronic band gap, optical
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transparency or hydrophilic surface, among other [11]. Recently, they
have also been increasingly studied in heterogeneous catalysis, partic-
ularly Mo,CTy [13-19].

Two recent DFT studies on various MyX MXene materials (M = Mo,
Ta, Ti, W; X = C, N) highlighted interesting behaviour toward nitrogen
activation. First, Shao et al. [20] concluded that Mo,C and W5C should
dissociate easily N, with strong charge transfer, most of the steps being
exothermic. Secondly, Gouveia et al. [10] showed that the N adsorption
on carbide or nitride-based MXene is associated with an elongation of
the N=N bond by approximately 20 % (1.35 A vs 1.11 A for gaseous Na),
which should promote the N5 dissociation. In this study, WyN shows the
best performances for the Ny dissociation among the studied MXenes.
Additionally, Lopez et al. [21] showed that pristine MXenes, especially
2D-Mo2C, can be promising hydrogenation catalysts. Along with nitro-
gen dissociation, this is also a key step in the Haber-Bosch process. To
our knowledge, despite those interesting theoretical results, experi-
mental studies of MXenes for the thermocatalytic ammonia synthesis
have not been reported yet. In contrast, MXene materials are largely
studied for ammonia electrosynthesis, especially since the publication of
Luo et al. [22] which showed the attractive performance of TizCaTx
materials in Nj electro-reduction. Unlike the HB process, the ammonia
electrosynthesis could be performed at room temperature. However,
despite numerous studies involving various MXenes (MoyC, TisCo,
Mo,TiCy) [23-27], with the addition of ruthenium, copper, or iron
[28-30], the observed ammonia yields remain notably low or even
questionable and prohibitively far from the yield obtained in the in-
dustrial HB process.

Additionally, the nitride form of Mo-MXene, i.e. M0o2NTy, could be an
excellent candidate for the thermal ammonia synthesis [10], not only for
its predicted ability for Ny dissociation mentioned above, but also to
serve as a source of nitrogen. This opens new prospects for the chemical
looping ammonia synthesis process, a promising alternative to the HB
process to reduce its energy demand [31]. The chemical looping process
is divided into two sub-reactions in which N, and Hj reactants are fed
separately with (i) the feeding N5 (charge step) and (ii) the feeding Hy
(discharge step, ammonia production), operated in optimized conditions
(flow rate, temperature, pressure). This process avoids the competitive
adsorption of Ny and H; and does not suffer from the kinetic and ther-
modynamic limitations of the HB process. A thermal treatment of
Mo,CTy under NHg is a known nitriding route to MooNTx [32].

The aim of this work is to determine the potential of Mo,CTyx MXene
as catalyst for the HB ammonia synthesis in the 400-500 °C temperature
range, under moderate pressure (1-5 bar). The behaviour of this MXene
toward N, and NHj3 is also examined in terms of nitride formation and
the reactivity of the resulting material toward Hy is investigated. Finally,
nitriding/hydrogenation cycles to mimic a chemical looping process are
studied. The influence of the impregnation of ruthenium on the MXene
for the HB process and the nitriding process is also explored. Overall,
this study highlights novel aspects that should be explored in future
works to enable the use of Mo,CTy MXene for the energy-efficient
thermal production of ammonia.

2. Materials and methods
2.1. Syntheses of materials

2.1.1. MoyGayC phase (MAX-like phase)

The synthesis of Moy,GasC (MAX-like phase) was performed as
described by Benchakar et al. [33]. Desired masses of molybdenum
carbide B-MooC (99.5%, Alfa Aesar) and gallium (Magnametals,
99.99 %), corresponding to a 1:8 molar ratio, were crushed together in a
mortar to obtain a homogeneous paste. The paste was then transferred
into a vacuum glass tube and then thermally treated at 850 °C for 170 h
(heating rate: 5 °C min!). The resulting powder was treated with hy-
drochloric acid (35 %, VWR) for one night under magnetic stirring to
remove the excess of gallium. The solid was washed with ultrapure
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water (MilliQ®, Millipore) until reaching a pH close to 5. After filtration,
the resulting powder was dried at room temperature in a desiccator.
Finally, the powder was sieved in order to select grain sizes lower than
25 um. The resulting sample is denoted MoyGaxC.

2.1.2. MosC MXene phase

The multilayer MoyCTy MXene phase was obtained from MoyGayC by
etching of gallium (Ga) using a modified procedure reported in [13].
40 mL of a HF solution (Sigma Aldrich, 48 %) was added in a PTFE tube
with 1 g of the MoyGayC powder. The mixture was homogenized in an
ultrasonic bath for 15 min and then placed in an autoclave for 24 h at
160 °C. The suspension was then washed with ultrapure water and
centrifuged several times until the pH value of the supernatant solution
reached 5 (3500 rpm, corresponding to 1575g — rotor F-34-6-38,
Eppendorf centrifuge 5804). The resulting powder was then recovered
by filtration under vacuum, dried in a desiccator under air and at at-
mospheric pressure, and stored in a glove box under argon. The resulting
Mo2CTx MXene is denoted MosC for brevity.

2.1.3. Ruthenium impregnation

Ruthenium was added by wet impregnation from a commercial Ru
(NO)(NO3)3 solution (Alfa Aesar, 1.5% w/v). The desired amount of
ruthenium precursor to reach a final theoretical content of 2.5 wt% was
diluted in 5 mL ultrapure water, and mixed with 400 mg of Mo2C. After
one night under stirring, the water was evaporated at 80 °C and, the
resulting powder was dried at 100 °C for one night in a drying oven. The
sample was then treated under a pure Hj flow (60 mL min~1) at 400 °C
for 4h (heating rate: 5 °C.min" 1) to form the metallic ruthenium. The
resulting sample is denoted Ru/Mo2C.

2.1.4. Nitriding treatment

Several nitriding methods have been investigated for Mo,C and Ru/
MooC samples. First, the nitriding technique based on the work of
Urbankowski et al. [32] involved a thermal treatment at 600 °C and
5bar for 5h under a 25% NH3z —75% He mixture (total flow rate:
10mLmin~!). The samples are then denoted MoyCyys and
Ru/MoyCnpys. Nitriding under Ny was also examined (600 °C, 5 bar, 5 h;
N, flow rate: 60 mL min’l), samples are then denoted MoyCyz and
Ru/MoyCnyz. Note that a purge under argon was performed at 600 °C at
the end of the NH3 or Ny treatment to desorb the reactant molecules
from the surface of the material.

The possible nitriding during catalytic tests under N, + Hy flow (400
°C to 500 °C, from 1 to 5bar) was also examined. The notation of the
corresponding samples after the catalytic tests is MoyCiest and Ru/
Mo2Crest-

2.2. Characterization techniques

The morphology of synthesized materials was analysed by scanning
electron microscopy (SEM) using a MEB-FEG JSM-7009 F microscope
(JEOL Company) with a maximal resolution of 0.7 nm. This apparatus is
equipped with a field emission gun and an energy dispersive X-ray
spectrometer (EDX) 6/30 (Briicker) for the determination and mapping
of chemical elements.

The sample structure and the metal dispersion were investigated by
transmission electron microscopy (JEOL 2100 LaB6, 200 kV). For grid
preparation, the sample was ultrasonicated in ethanol, and a drop of the
upper suspension was deposited on the grid.

X-Ray diffraction measurements were performed at room tempera-
ture from 20 = 3° to 20 = 70°, with a step interval of 0.066 ° and an
acquisition time of 420 s per step (EMPYREAN PANalytical diffractom-
eter in Bragg-Brentano configuration and equipped with a copper anode
source, CuK, =0.15406 nm). An ultra-fast X-Ray detector (X’Celerator)
was used to collect the signals. The diffractograms were processed with
the HighScorePlus® software.

The Mo, Ga, and Ru content of the prepared materials were
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determined by Inductively Coupled Plasma-Optical Emission Spec-
trometry (ICP-OES) using a PerkinElmer Optima 2000DV instrument.

Additionally, elemental carbon and nitrogen contents were assessed
using a Thermoquest NA 2100 analyser. The sample was in situ treated
under oxygen at 1020 °C, and gaseous effluents were analysed via a gas
chromatography column associated with a thermal conductivity
detector.

The XPS analyses were carried out with a Kratos Axis Ultra DLD
spectrometer using a monochromatic Al K, source (1486.6 eV, 10 mA,
15KkV). Instrument base pressure was 9 x 10~% Pa. High-resolution
spectra were recorded using an analysis area of 300 pm x 700 pm and
a 20eV pass energy, corresponding to a Ag 3ds,z full width at half
maximum (FWHM) of 0.55 eV. Data were acquired with 0.1 eV steps. All
spectra presented in this work have their binding energy scale calibrated
against the Fermi edge. For the curve fittings, a Shirley background
model was used. Lorentzian asymmetric functions (LA) were selected for
the contributions related to the MXenes, whereas Gaussian/Lorentzian
symmetric functions (GL) were selected for oxides and impurities.
Indeed, asymmetric functions are required for curve fittings of electronic
conducting materials such as MXenes [34]. The XPS spectra were then
processed using CasaXPS software. The samples were exposed to air for
less than 30 min before XPS analyses (including transfer from catalytic
reactor to glove box under argon and from the glove box to the XPS
chamber).

2.3. Catalytic tests

The ammonia synthesis activity measurement was carried out in a
fixed-bed reactor. A stoichiometric Hy:Ny gas mixture (3:1 ratio; gas
purity > 99.9999 %; total flow rate of 60 mL min~') was supplied by
electronic mass-flow controllers. The catalyst (100 mg, sieved fraction
between 40 and 100 pm) was placed in a home-made pressure reactor
equipped with a back-pressure regulator (Bronkhorst). The outlet
ammonia concentration was continuously monitored (1 Hz) by a MKS
2030 Multigas infrared analyser with a high NH3 sensitivity (2-3 ppm).

= 1um
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The ammonia production was measured during isotherms at 400 °C, 450
°C and 500 °C (heating rate: 5 °C min~1). For each tested temperature,
three consecutive working pressures were applied (1, 3, and 5 bar, one
hour each). Results are presented as ammonia concentration in the
effluent (ppm) or ammonia synthesis rate (mmol h™ g~1). Note that a
rate of 1.0 mmol h™! g-! corresponds to an outlet ammonia concentration
of 670 ppm.

3. Results and discussion
3.1. Characterization of the synthesized samples

The morphologies of the MAX and MXene phases were observed by
scanning electron microscopy. The SEM images reported in Fig. 1 indi-
cate that the MAX phase structure exhibits a "tile" type morphology. The
microstructure of the resulting Mo,CTy (denoted Mo»C) is characteristic
of a multi-layers MXene, with oriented layers stacked in the grain [35],
in contrast to delaminated MXene obtained using a delamination step in
TBAOH leading to the formation of a film [36].

The diffractograms of MoyGayC and Mo,C materials are presented in
Fig. 2. The removal of the gallium layer during the exfoliation step in-
volves a shift of the (002) peak of the initial MAX phase (¢ = 18.1 10\)
towards lower diffraction angles (9.8-8.6 ° for 20), leading to a higher
value of the c lattice parameter for the corresponding MXene (¢ =
20.5 A). This is due to the grafting of terminal groups (O, OH, and F) at
the surface of the MXene layer and to the insertion of a water layer in the
interlayer space [36,37]. However, as evidenced by the peak at 20 = 9°
in the XRD pattern of the MXene, the etching of Ga is incomplete even if
the amount of the remaining MAX phase seems low. According to this
observation, ICP-OES analysis indicates that 16 % of the initial gallium
remain in the solid related to the Mo content (Table 1). Thus, consid-
ering MoyGa; oC as the composition of the precursor, the Mo,C sample is
composed of 84 mol% of MXene and 16 mol% of remaining MAX phase.
Taking into account the carbon elemental analysis (Table 1), the ob-
tained Mo/C ratio is close to 2.2. This value is consistent with the

Fig. 1. Scanning electron microscopy images of Mo;Ga,C (a and b) and Mo.C (c and d) samples.
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Fig. 2. XRD patterns of Mo,Ga,C, Mo,C, and Ru/Mo,C before and after thermal treatment under H,.

Table 1
Mo,C, Ru/Mo,C and Mo,GayC composition from ICP and CHNS analyses. The
obtained formulation is normalized for 2 Mo. The wt% is reported in bracket.

sample Chemical formulae normalized for Mo2

Mo Ga C Ru
Mo.GaC 2.00 (53.5) 1.90 (36.1) 0.89 (3.0) 0.00 (0)
Mo,C 2.00 (78.4) 0.30 (8.5) 0.91 (4.4) 0.00 (0)
Ru/Mo,C 2.00 (70.2) 0.29 (7.3) 0.82 (3.6) 0.05 (2.2)

theoretical ratio for Mo,C, although a slight carbon sub-stoichiometry is
observed.

After ruthenium impregnation and the drying step at 100 °C, the
diffractogram of the Ru/Mo,C sample exhibits the same (002) peak
position compared to the host Mo,C material (Fig. 2). However, a
shoulder is observed at a lower angle, characteristic of an interstratifi-
cation phenomenon [38], indicating a possible inhomogeneous inser-
tion of Ru®" cation between the layers. Nonetheless, this insertion is
probably limited because ruthenium is found on the surface of the
multi-layer MXene after Hy reduction, as discussed below, relying on the
TEM analysis. After the thermal treatment at 400 °C for 4 h under
hydrogen, the diffractogram of Ru/MoyC (Fig. 2) shows a shift of the
(002) peak towards higher angles (20 = 11.5°). The corresponding ¢

a)

5nm

lattice parameter is then 15.4 f\, which is smaller than that of Mo,C
(20.5 108) and MoyGayC MAX phase (18.1 10\). This change is attributed to
the removal of water in the MXene interlayer spacing during the thermal
treatment under Hj at 400 °C. ICP-OES analysis shows that ruthenium
deposition and the thermal treatment under Hy induce a limited impact
on the MXene composition (Table 1), although the carbon content seems
to decrease slightly. This could be explained by a partial carbon removal
in MoyCTy, as previously observed by Kountoupi et al. [19] under pure
Hj treatment at 500 °C. The elemental analysis also indicates that the
ruthenium content is 2.2 wt%, close to the targeted loading of 2.5 wt%.
Additionally, Ru/Mo,C sample was also analysed by TEM (Fig. 3).
Ruthenium nanoparticles of 2-3 nm are observed at the surface of the
multi-layer MXene. This particle size is commonly considered as suitable
for the ammonia synthesis reaction due to the formation of Bs-type
active sites [39]. However, the particles are highly agglomerated, indi-
cating a low degree of Ru accessibility. The selected area electron
diffraction (SAED) of the nanoparticles confirms the formation of
metallic ruthenium with dqig; = 2.0 A and digo = 2.3 A (JCPDS file
n°00-001-1256: djg; = 2.04 A and dp = 2.32 A).

Mo,C and Ru/MoyC were also analysed by XPS. Experimental and
fitted curves are reported in Fig. 4 and Tables S2 and S3 for Mo 3d, C1 s,
and Ru 3d regions. Complementary analysis for O 1 s and F 1 s regions
are shown in Figure S1, Tables S2 and S3.

2.0A(101)

2.3A(100)

Fig. 3. Representative TEM image of Ru/Mo,C (a); SAED pattern obtained for Ru nanoparticles (b).
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Fig. 4. High resolution XPS spectra with curve fitting of Mo 3d, C 1 s, and Ru 3d regions recorded on Mo,C, Ru/Mo,C, and Mo,Cyys. All spectra are normalized to

the most intense peak for each region (color printing required).

In the Mo 3d region, as expected, several doublets (3ds,2 and 3ds/2)
are observed, which is due to spin-orbit coupling. For simplicity, the
following discussion is based only on the lowest energy photopeak (3ds,
5, between 228 and 233 eV). Three contributions were used for the
spectral decomposition in this region, labelled Mo-1, Mo-2, and Mo-3.
The first one, Mo-1, centered at 228.1 eV, can be attributed to Mo in
the non-exfoliated MosGayC observed in the XRD patterns (Fig. 2), at
least for the Mo,C sample. Indeed, this signal is the typical signature of
this phase (see Figure S2 and related explanation). The intensity of the
Mo-1 peak increases drastically for Ru/MoyC sample (Fig. 4). Thus, this
contribution is not only due to the remaining MAX phase since the
amounts of remaining gallium is close in both samples (Table 1 and S1).
The increase in the Mo-1 peak intensity after ruthenium addition can be

explained by the thermal treatment under Hy at 400 °C: the partial
removal of some terminal group leads to the formation of carbidic Mo, i.
e surface Mo species not linked to terminal groups, for which the
signature is at ~228.3 eV [19]. Indeed, as observed in Figure S1, the
fluorine terminal groups observed on Mo,C (initially 0.24 F per 2 Mo,
calculated by combining Tables S1 and S2 data) are fully removed in
Ru/MoC. Note that the re-population of the MXene surface by terminal
groups during handling under air is expected. However, the duration of
the exposure of the sample to air was less than 30 min (experimental
part). As detailed in the supplementary information file (Figure S3 and
related discussion), the re-population of the MXene surface is then very
limited during this short period under air. The Mo-2 peak at ~ 229.1 eV
is undoubtedly ascribed to molybdenium sandwiched between a C layer
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and a Ty adlayer [36], exhibiting an oxidation state near IV [13,19]. The
attribution for Mo-3 at ~ 232.3 eV is more questionable. In a previous
study, this signal was attributed to MoOy impurities [36], but Fedorov
and co-workers associated it with Mo®* at the surface of the MXene [13,
19]. Potentially, it could be a combination of both attributions since they
are compatible. As observed, this contribution increases in Ru/Mo»C
(Fig. 4 and Tables S2 and S3). This can be explained by the sample
preparation method. Indeed, the impregnation of ruthenium is per-
formed in an aqueous solution and a partial oxidation of the MXene
surface is possible (MXene is known to be sensitive to oxidation in
water). Generated oxidized Mo surface species, potentially reduced
during thermal treatment under H,, are expected to be re-oxidized in
contact with air after the treatment.

Several contributions are observed in the C 1 s region for the Mo,C
sample (Fig. 4). Most of them are attributed to the surface contamination
(adventitious carbon) by exposure to ambient atmosphere (C-C, C-O,
C=0), whereas the one at lowest BE, i. e. 283.0 eV, corresponds to C
atoms bounded to Mo atoms in the MXene [36]. These contributions are
also observed on Ru/MoyC, although they are combined with the con-
tributions of metallic ruthenium (Ru 3d). Interestingly, 0.4 Ru per 2 Mo
is obtained by quantification using Tables S1 and S3, whereas 0.05 Ru
per 2 Mo is obtained by ICP analysis (Table 1). This difference between
the surface analysis (XPS) and the bulk analysis (ICP) indicates clearly
that the ruthenium nanoparticles are mainly on the Mo,C surface (with
low dispersion according to TEM analyses, see above).

3.2. Ammonia synthesis under continuous Ny+Hgz flow

3.2.1. Catalytic performances

The catalytic activities of Mo,C, Ru/MoyC, and MoyGayC samples
were measured at 400 °C, 450 °C, and 500 °C consecutively, between 1
and 5 bar for each temperature. The obtained ammonia production rates
are presented in Fig. 5.

Firstly, all studied samples are poorly active at 400 °C and atmo-
spheric pressure, with ammonia production rates between 0.01 and
0.02 mmol h™* g-! (outlet NH; concentration: 10-15 ppm). A significant
beneficial effect of the pressure is observed for all samples. Mo,C and
Ru/Mo2C show the highest activities, with an ammonia production rate
of 0.28-0.29 mmol h™! g-! at 400 °C and 5 bar. Compared with the tests
performed at atmospheric pressure, the activity of MoyC is higher by
approximately 10 and 20 times at 3 bar and 5 bar, respectively, and by 7
and 13 for Ru/Mo2C. Remarkably, both Mo,C and Ru/Mo,C catalysts
exhibit similar ammonia production rates, indicating that the ruthenium
addition has no significant impact on the MXene phase activity in these
conditions (continuous Ny and Hy flow, Hy:Ny = 3:1). This is probably
due to the low dispersion of Ru, as highlighted by TEM. The metallic
surface accessibility is assumed to be low and ruthenium particles may
also block Mo,C active sites. Moreover, the MXene catalysts show an
activity almost three times higher than that of the MAX phase at 400 °C
and 5 bar (0.28 and 0.11 mmol h™! g-, respectively), demonstrating the
interest of this nanostructured 2D material, as suggested by recent
theoretical DFT studies [10,20]. Thus, the presence of 16 mol%
remaining MAX phase in the MXene (Table 1) induces an
under-estimation of the MXene activity in ammonia synthesis.

Increasing the temperature to 450 °C significantly improves the
ammonia production rate for all samples (Fig. 5b). MoC and Ru/Mo»C
catalysts still show similar ammonia production rates (1.08 mmol h™!
¢! and 1.02 mmol h™! g! at 5 bar, respectively), while Mo,Ga,C MAX
phase exhibits the lowest activity (0.30 mmol h™* g*! at 5 bar). Finally,
Mo,C and Ru/MoyC catalysts remain the most active samples at 500 °C
(2.07mmol h! g' and 1.82mmol h™' g, respectively, at 5 bar,
Fig. 5¢). As previously discussed, the slight drop in NHs synthesis ac-
tivity in the presence of Ru can be interpreted by (i) the low dispersion of
ruthenium particles limiting the amount of active Ru species and (ii) the
fact that Ru probably limits the accessibility to the MXene active sites.

The reproducibility and the effect of time on stream are detailed in
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the supplementary information file (Section 4, Figures S5 and S6).The
evaluated catalysts show satisfactory stability after several hours under
time on stream.

To summarize, the activity of Mo,C MXene in ammonia synthesis
reaction varies from 0.01 mmolh! g! at 400 °C and 1 bar to
2.07 mmol h™! g! at 500 °C and 5 bar. These performances are inferior
to a reference Ru/MgO catalyst, previously evaluated in the same setup
and conditions (3.25 mmol h! g’1 at 400 °C, 5 bar) [40]. Unexpect-
edly, it is worth noting that ammonia can be obtained with the MXene
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catalyst at low pressure without ruthenium. Conversely, the presence of
this metal is essential for the MgO basic oxide to produce NHs.

This result suggests that this Mo,C catalyst without (noble-) metallic
phase is active in breaking the triple bond of molecular nitrogen
(dissociative pathway). To determine if it is this type of mechanism,
nitrogen homomolecular exchange was performed on MoyC catalyst.
This method, in which a mixture of labelled nitrogen molecules, typi-
cally 15N, and Ny, is scrambled over a surface, is a powerful tool to
evaluate the ability of a solid for Ny dissociation as already described in
previous reported studies [41,42]. The result (Figure S10) and related
discussion are reported Section 5 of the supplementary information file
and show that the homomolecular exchange reaction does not take place
at 400 °C nor with increasing temperature up to 600 °C. This result
makes the occurrence of a dissociative mechanism unlikely for this
sample. An alternative hypothesis is that NH3 synthesis on MXene-based
catalysts follows an associative mechanism, in which successive hy-
drogenations of N species occur prior to dissociation of the N=N bond. It
should be noted that both mechanisms are in line with the proposal of
Gouveia et al. [10], who showed that N5 activation on these materials is
due to the elongation of the N=N bond. Regardless, the activity
observed on noble metal-free MXene materials remains a remarkable
result that opens new avenues for the development of tailored catalysts
for the ammonia synthesis reaction. The following prospects for
improvement need to be explored:

(i) The present work is focused on multi-layer MXenes. Previous
works have shown that the accessibility of active sites for het-
erogeneous catalysis with MXene can be highly improved using a
delaminated MXene dispersed on an inert support with a high
specific surface area, such as SiO,, to maximize the use of the 2D
character of MXene [15,17].

(ii) Processing the ruthenium deposition in a colloidal suspension of
delaminated MXene should improve the metal dispersion. Per-
formed ruthenium impregnation method appears poorly efficient
in the present study, as highlighted by TEM and XPS analyses.
The improvement of the Ru dispersion on the MXene phase
should uncover a possible role of the metallic phase used as a co-
catalyst to MXene. Previous works have shown that the use of
delaminated MXene is required to obtain a good dispersion of
another phase [15,43], even getting single atoms [17].

(iii) Previous works have shown the primary role of a reducing ther-
mal treatment on MoyCTy activity. Modifying the T group con-
centration and carbon vacancies influence various reactions such
as Fischer-Tropsch [19], CO, hydrogenation [14], or dry
reforming of methane [16]. For each kind of reaction, the opti-
mum treatment has to be adjusted (hydrogen concentration,
temperature...) to obtain the best activity. In the present work,
MXene was not previously pre-treated under hydrogen, even if
the ammonia synthesis was performed under a Hy:Ns (3:1)
mixture. However, the pre-treatment of the catalyst needs to be
studied carefully.

3.2.2. Carbon balance

The material activation process during the temperature rise was also
monitored. In addition to the previously discussed ammonia production,
some methane emission is observed during the temperature rise from
room temperature to 400 °C (first catalytic test temperature) under the
reaction flow (Fig. 6). Note that methane emission during the subse-
quent catalytic tests from 400 °C to 500 °C are lower than 5 ppm, and no
other products are detected during the catalytic tests. Therefore, only
methane emission during the initial temperature increase is discussed
here. For all samples, the CH4 production starts before the onset of NH3
production. For MoyGasC sample, the methane emission until 400 °C
correspond to 8 umolcys g'. A higher quantity of 31 umolcys g7! is
emitted with Mo,C MXene phase, with an onset temperature of only 122
°C. Ruthenium addition (Ru/MoyC) promotes both the onset
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Fig. 6. CH,4 emission during the heating step from room temperature to 400 °C
under the reactional mixture on (a) Mo,Ga,C; (b) Mo,C; (¢) Ru/Mo,C.

temperature (100 °C) and the amount of emitted CHy4 (38 meICH4.g‘1).
Note that the quantity of CH4 formed during the temperature ramp-up
represents approximately 0.75 % of the carbon initially present in the
MoyC and 1.05% for Ru/MozC (calculations performed using the
MoyGayCyRu, formulae reported in Table 1). As a result, Ru addition
does not significantly impact the carbon release mechanism. Note that
this value is close to 0.3 % for Mo3Ga,C. In accordance with these low
relative carbon losses, the CHNS elemental analysis performed before
and after the catalytic tests revealed no significant carbon loss. How-
ever, since no carbonaceous compound was introduced in the gas phase,
this CH4 emission suggests that carbon from the catalysts reacts with Hy,
as already observed in the literature under pure Hy and higher tem-
perature [19]. Thus, the material could become carbon-deficient and/or
undergo nitriding due to the nitrogen in the reaction mixture (H:Ng =
3:1). As previously mentioned, the nitriding could open up new avenues
based on the chemical looping ammonia synthesis process, for instance.
The next section is then dedicated to the study of the nitriding of the
studied (Ru/)Mo,C samples and possibly their reactivity toward
hydrogen.

3.3. Nitriding of (Ru/)MozC and reactivity of nitrided MosC samples

The nitriding of Mo,C MXene has already been reported through heat
treatment in ammonia [32]. As mentioned in the experimental section,
studied (Ru/)MoyC samples were submitted 5 hours at 600 °C, 5 bar
either to 25 % NH3 —75 % He mixture (samples denoted (Ru/)Mo2Cnus)
or to pure Ny (samples denoted (Ru/)Mo2Cnz2). A purge under argon at
600°C was thereafter performed. In addition, possible nitriding during
catalytic tests under Ny + Hj flow was also investigated. The notation of



C. Croisé et al.
the corresponding samples after the catalytic tests is (Ru/)Mo2Cyest-

3.3.1. Characterization of the nitrided samples

The diffractograms of MoC catalyst before and after the various
nitriding treatments are reported in Fig. 7a. Compared to the fresh
sample, a shift in the peaks of the MXene towards higher angles is
observed for all materials after the thermal treatment. The c lattice
parameter decreases from 20.5 A for the fresh Mo,C to 15.6-16 A for the
other materials, due to the removal of inter-layer water. On the contrary,
the Ru/Mo-C catalyst does not show a shift in the MXene peaks (Fig. 7b).
All peaks of the MXene phase are positioned at the same angles, with c
lattice parameters of 15.4-15.5 A. Indeed, it is assumed that the removal
of inter-layer water already occurs during the thermal treatment under
hydrogen after ruthenium impregnation.

The elemental analysis of the catalysts was performed using both
ICP-OES and CHNS analyses. The obtained formulations normalized for
2 Mo are presented in Table 2, depending on the various applied treat-
ments. First, as expected, no significant change in the gallium content is
observed, and no trace of nitrogen was detected in the "fresh" samples.
Analysis after the catalytic test ((Ru/)MosCiest) showed that the nitrogen
content was very low, which does not imply a substantial nitriding of the
MZXene. In these conditions (400-500 °C), Ru did not influence the
material’s nitriding. These results support the hypothesis of an asso-
ciative mechanism for NH3 synthesis in the HB process on MXene, as
discussed above. However, the possibility of MXene nitriding under
reaction cannot be ruled out, since the presence of Hy in the reactant
mixture might hinder the stabilization of the intermediate nitride phase.

To the opposite, nitriding processes at a high temperature (600 °C,
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Table 2

Material composition from ICP and CHNS analyses or XPS experiments
depending on the applied thermal treatment (NH3 600°C 5 bar; N, 600°C 5 bar;
catalytic test). The obtained formulation is normalized for 2 Mo.

sample Chemical formulae normalized for Mo, from ICP and CHNS
analyses
Mo Ga C N (o] F Ru
Mo,C 200 030 091 0.00 - - 0.00
M05Crest 200 031 098 002 - - 0.00
Mo,Cnus 2.00 034 089 030 - - 0.00
Mo,Cn2 200 033 0.89 0.03 - - 0.00
Ru/Mo,C 2.00 0.29 0.82 0.00 - - 0.05
Ru/Mo3Cest 2.00 0.28 1.00 0.02 - - 0.06
Ru/MozCnuz  2.00 034 082 024 - - 0.05
Ru/Mo,Cn2 200 035 074 017 - - 0.05
Chemical formulae normalized for Mo, from XPS experiments
Mo,C 200 003 130 0.00 202 0.24
Mo,Cnus 200 006 090 040 161 O

5 bar, 5 h) lead to different results. For the two samples treated under
NH;3 (MooCnus and Ru/MoyCyps), close amounts of nitrogen are
detected, corresponding to Ny 39 and N 24 stoichiometry, respectively.
Thus, the thermal treatment under ammonia lead to a partial nitriding of
the MXene, with no significant effect of the presence of ruthenium.
Contrary to the work of Urbankowski et al. [32], the total nitriding of the
MZXene is not obtained. Two reasons can account for these differences: (i)
in our work, diluted NH3 is used contrary to pure NH3 and (ii) the
nitriding is here performed on multi-layer MXenes while a film of
delaminated Mo,CTy sheets is used in the work of Urbankowski et al.
[32], potentially promoting the NHj3 diffusion throughout the sample.

After a treatment under pure Ny, only the sample containing ruthe-
nium leads to a significant nitriding of MoyC, to a lower extent than
under NH3. The obtained stoichiometries for 2 Mo are N 17 and Ny o3 for
Ru/MoyCn2 and MoyCyy, respectively. The activity of ruthenium in Ny
dissociation would thus allow the nitriding of the MXene during the
treatment under nitrogen flow at high temperature. Finally, note that
the evolution of the carbon content determined by CHNS analysis ap-
pears not fully related to the nitrogen content and remains unclear at
this stage.

Additionally, the scanning electron microscopy images coupled with
EDX mapping of Mo,C treated under NH3z at 600 °C show that N-species
are homogeneously present in the material, as for Mo and C species
(Fig. 8). The EDX spectrum and the Ga EDX mapping reported in
Figure S6 indicate the presence of the remaining MAX phase, in accor-
dance with ICP analyses. Based on the mean values for atomic contents
obtained by combining several EDX spectra, a composition of 0.46 N for
2 Mo is obtained (Figure S6; note that this result is approximate due to
the difficulty in accurately quantifying light elements by EDX, such as
N).

To investigate the nitriding, some of these materials were also
studied by Raman spectroscopy and X-ray Photoelectron Spectroscopy
(XPS). Although Raman spectroscopy does not clearly show sample
nitriding (SI part 3), XPS does. After thermal treatment under diluted
NH;j at 600 °C and 5 bar, the MoyCnys sample does not exhibit signifi-
cant changes in the C 1 s (Fig. 4) and O 1 s (Figure S1) regions compared
to fresh Mo,C. The same contributions are observed. Only the fluorine
terminal groups are removed during the thermal treatment (Figure S2).
In the Mo 3d region, no new contribution is observed after nitriding,
although the intensity of the Mo-1 contribution increases compared to
Mo,C (Fig. 4). As for Ru/MoyC, the increase in this contribution is
probably due to the partial removal of the terminal groups under
reducing thermal treatment (see above). However, no difference could
be observed since the characteristic bands of C-Mo-Ty are identical to
those of N-Mo-Ty in the Mo 3d region, even if the MXene is fully nitrided
[32,44]. The Mo 3p and N 1 s regions (in the same range of BE) were
analysed to highlight possible differences indicating the presence of
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Fig. 8. Scanning electron microscopy images with EDX mapping analysis of Mo, N, and C in Mo;Cngs (color printing required).

nitrides (Fig. 9 and table S5). Indeed, a new contribution, labelled N-Mo,
is required in MoyCnys sample at 397.6 eV to fit the experimental
spectrum. This contribution is related to nitrogen atoms bonded to
molybdenum atoms (nitride) according to the work of Urbankowski et
al. (397.5eV) [32]. The presence of this contribution is discussed in
depth in the XPS section of the supplementary information file (XPS on
MoyCnpys, Figures S4 and S5). NHy species, with peaks mainly observed
between 400 and 402 eV [45,46], are not observed, in accordance with
the work of Urbankowski et al. [32]. The purge under argon after the
nitriding treatment allows the removal of these adsorbed species.
Finally, these results confirm the formation of a molybdenum carboni-
tride phase. Then, the partial nitriding of the sample appears confirmed,
in accordance with the CHNS elemental analysis.

A quantitative analysis based on the previous assignments is also
performed using the results reported in Tables S1, S2, and S4 (only the

MOzC

— Mo-1
— Mo-2
— Mo-3
--- Fit

--- GaLMM

420 410 400 390 380
Binding energy (eV)

contributions attributed to MXene, highlighted in red, are considered).
The normalized quantification for two molybdenum atoms is presented
in Table 2. Although this type of quantification is considered as semi-
quantitative due to measurement uncertainties, overlapping contribu-
tions, and difficulties in attribution [35,36,47], several insights can be
obtained. In Mo2C, the obtained Mo/C ratio is close to the expected one.
However, contrary to the results based on the combination of ICP and
CHNS analyses, an over-stoichiometry of carbon is obtained (1.3 C for 2
Mo). Since XPS probes only the 2-4 up-layers of the multi-layer MXene,
it could be due to a difference at the extreme surface by the presence of
Mo vacancies formed during the etching step, sometimes observed in
MXenes [36]. After the thermal treatment under NHs, a decrease in the
proportion of carbon along with an increase in the amount of nitrogen is
observed, which confirms the nitriding of Mo,C. Moreover, the C + N
content (1.3) in Mo,Cyps is equivalent to the C content in Mo,C (1.3). It

Mo,Cnn,

— N-Mo

420 410 400 390 380
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Fig. 9. High resolution XPS spectra with curve fitting of Mo 3p and N 1 s regions recorded on Mo,C and Mo,Cnys. All spectra are normalized to the most intense peak

(color printing required).
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is then suggested that the nitrogen atoms take the place of the carbon in
the MXene structure as proposed in the literature [32]. Finally, the N
and C content are close for MoyCyys sample disregard of the method of
quantification.

Based on theoretical DFT calculations, it is generally accepted that
the number of terminal groups, including -0, -OH and -F groups, cannot
exceed 2 on MoyCT, MXenes, when the most stable site for them is
totally occupied [48]. However, L. Persson et al. showed the possibility to
exceed this number in specific conditions [49]. In the present study, the
obtained stoichiometry is x = 2.26 for MooCTy (Table 2) but the applied
method neglects the oxygens that may come from contamination im-
purities or molybdenum oxides (BE close to the one of C-Mo-Oy).
Therefore, the exact content of terminal group cannot be assessed, only a
direct comparison between Mo,C and Mo,Cnys can be done. Indeed the
obtained x coefficent decreased from 2.26 for Mo,C to 1.61 for MosCnys
(Table 2). It clearly confirms that the terminal groups are partially
removed, in accordance with the increase of the Mo-1 contribution in
the Mo 3d region (Fig. 4).

In conclusion, this XPS study confirms the partial MXene nitriding
under NH3 with the formation of a MoyC; xNy nitride phase without the
presence of NHy species, probably removed during the purge under
argon. Moreover, the nitriding treatment involves the partial removal of
the terminal groups.

3.3.2. Reactivity of MoyC nitride samples

In this section, the reactivity of nitrogen species of M02Cj.xNy to form
ammonia is examined. With this aim, the samples (Mo2C or Ru/Mo5C)
were pre-treated for 5 h under 25 % NH3-75 %He (60 mL.min’l) at 600
°C and 5 bar, as in the previous section to form MosCyysz and Ru/
Mo,Cnpys respectively. After a purge under argon at the same tempera-
ture and pressure for 2 h (allowing the removal of NHy species), the
sample was cooled down to room temperature and then submitted to a
pure Hy flow (60 mL.min’l, 1 bar) up to 600 °C (heating rate: 5 °C
min~?!). This temperature was maintained until NH; was no longer
detected. The recorded outlet ammonia concentration under Hy flow is
presented in Fig. 10.

For both MoyCyys and Ru/MosCnpys MXene samples, significant
amounts of ammonia are produced after a nitriding treatment under
ammonia (and purge under Ar). Mo,Cnys shows a main emission peak
centred at 320 °C and two other contribution at 400 °C and 480 °C, while
Ru/Mo2Cnys shows only a main peak at 320 °C. This result suggests the
presence of different active sites for these two materials. At this stage,
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we have no information to explain these differences, but potentially,
during the initial step of nitriding under NHs, the presence of Ru at the
MXene surface prevents the nitriding of sites that forms NHg at higher
temperature in the case of MoaCnps (possibly, basal plane vs edge sites).
Integration of the profiles until 600 °C indicates that ammonia emission
was higher with MoyCnys (780 pmol.g’l) compared to Ru/MosCnps
(520 pmol.g’l). Therefore, the addition of ruthenium does not increase
the amount of available nitrogen in the material, in accordance with
results reported in Table 2 showing a higher N content for MosCnps
compared to Ru/MooCnus. However, the onset temperature for
ammonia production is lowered by the presence of ruthenium, from 240
°C with MosCnp3 to 210 °C with Ru/Mo,Cnys. It should be noted that in
both cases, these temperatures for ammonia synthesis are remarkably
low. Note that switching hydrogen for argon induced no significant
ammonia emission during the heating step after nitriding. Then, the
recorded ammonia production only comes from Hy reaction with ni-
trogen stored in the material. This reactivity of lattice nitrogen to form
ammonia under H, was already observed on conventional 3D MoCyNy
carbonitrides by Alshalwi et al. [50].

3.3.3. Nitriding-H cycling tests

Since previous results show that nitrogen stored in the MXene can
subsequently be utilized to form ammonia, several successive nitriding
and reaction under Hy were performed to investigate the feasibility of a
cycled ammonia production process (close to the chemical looping
concept). For this experiment, MoyC nitrided with NH3 was selected
even if nitriding under ammonia has no economic sense to produce
ammonia by chemical looping. However, this treatment allows a better
nitriding efficiency (Table 2) with the aim to evaluate the concept.
Experimentally, the catalyst was first heated under argon until 600 °C (5
°C min~1). At this temperature, nitriding was then carried out under
25 % NH3-75 % He (10 mL min’l, 5 bar, 30 minutes). After a purge
under argon (60 mL rninfl, 5 bar) until the NH3 concentration reached
the baseline, the sample was submitted to a Hy flow (60 mL min~,
5 bar). The concentration profiles of ammonia and methane recorded
with Mo,C sample during the steps under hydrogen for consecutive
cycles are reported in Fig. 11.

As expected, during the first hydrogen period after nitriding, a signif-
icant amount of ammonia is produced, representing 770 pmol g~ ! of NHs.
In successive cycles, ammonia is also observed under H; flow, indicating
that MXene multiple consecutive nitriding is possible. During the second
cycle, the ammonia emission decreases to 330 umol g~'. In subsequent

fime (min)
50 100

b) Ru/Mo,Cy;3

150

1200 -
1000 -
800 -

600

NH, (ppm)

400

200 - i

1

0 100 200 300 400 500 600
Temperature (°C)

0

Fig. 10. Ammonia outlet profiles under pure H, flow with a) Mo,Cnys and b) Ru/Mo,Cnps, both after nitriding with NH3 at 600°C and purge under Ar (all steps of
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Fig. 11. NH3 and CH4 outlet concentrations recorded with Mo,C sample during
the steps under hydrogen flow (600 °C et 5 bar) after nitriding treatments under
NH3 at 600 °C and 5 bar (grey zones represent the intermediate nitriding
treatment) (color printing required).

cycles, the ammonia emission tends to stabilisation around 300 ymol g~ .
Methane is simultaneously detected with a progressive decrease in its
concentration over successive cycles. The total amount of methane emis-
sion after the five step under hydrogen represents 1960 umol g !, which is
half of the amount of carbon present in the initial catalyst.

Based on the previous XPS study (Section 3.3.1) and the literature
data [32], it is clear that a carbonitride is obtained by nitriding under
NHs. This is confirmed by the carbon removal under cycling (CHy4 for-
mation) due to the progressive replacement of C by N in the MXene
structure. No trace of NHy was detected by XPS on the carbonitride
samples (see above), indicating that the purge under argon at 600 °C
after the nitriding step allows the removal of NHy species. By consid-
ering a maximum of 0.3 N for 2 Mo after the first nitriding cycle during
30 min (value obtained after nitriding for 6 h in the same conditions —
Table 2), the ammonia formation (770 pmol g~1) corresponds to at least
67 % of the initial N content in the material. Consequently, the possi-
bility that ammonia was formed mostly from remaining NHy species is
excluded because such quantities would have been detected by XPS.
Therefore, it appears feasible to cyclically use the molybdenum car-
bonitride phase (Mo3C;_xNy) for ammonia production.

Finally, the production of ammonia by a direct reaction of the
nitrided Mo2C MXene material with Hy (in the absence of Ny) is clearly
evidenced (Figs. 10 and 11). Such a behaviour was reported on more
classical carbide materials in particular by Hargreaves and co-workers
[51,52] but, to our knowledge, it was never experimentally demon-
strated on MXenes. Therefore, it paves the way for the utilization of
MXene in the chemical looping ammonia synthesis (CLAS) process if the
regeneration of the nitride phase can occur under No. On Ru/MosC, this
step occurs at 600 °C but with slow kinetics. Again, the slow kinetics
could potentially be enhanced by improving the Ru dispersion on
delaminated MXene.

4. Conclusion

This study investigated Mo,C (MXene) performances for ammonia
thermocatalytic synthesis. Under a Hp-N3 flow, Mo,C MXene phase
showed limited activity in ammonia synthesis at atmospheric pressure at
400 °C (0.01 mmol h™' g™!), but it increased significantly with temper-
ature and pressure, to 2.07 mmol h™* g™ at 500 °C and 5 bar. Interest-
ingly, the MXene is active without Ru additive, which possibly indicates
an associative mechanism. Unexpectedly, the addition of ruthenium did
not enhance the activity of the MoyC MXene catalyst in our conditions.
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In addition, methane formation was also observed during the heating
step, while ammonia production did not occur yet. This methane for-
mation could be associated with the nitriding of the material and/or the
partial removal of carbon under reducing conditions. For this reaction,
ruthenium promotes both the onset temperature (100 °C) and the
amount of emitted CH4 until 400 °C. This study highlighted various
ways (dispersion of delaminated MXene on a support, conditions of
activation, dispersion of Ru...) for future works to improve the perfor-
mances of the MXene toward the Haber-Bosch process. Moreover, the
chemical richness of the MXene family could be also explore in future
works to improve their performances toward the HB process, especially
W>C, known as promising catalyst for this reaction based on DFT
studies. Additionally, since (carbo)nitrides can be obtained from Mo,C
MXene phase as showed in this work, investigation of the behaviors of
such compounds deserves particular attention.

Beside, MoyCTx MXene has shown potential for the chemical looping
process. Thermal treatment under NHs (600 °C, 5 bar) was found to be
the most efficient route for nitriding the MXene toward the formation of
a carbonitride. Interestingly, in the presence of ruthenium, nitriding can
also occur under Ny (600 °C, 5 bar), in a lower extent compared with
NHs. This behaviour is probably related to the ruthenium ability toward
the N=N triple bond cleavage. The reactivity of incorporated nitrogen
in the MXene phase was also evaluated under hydrogen flow (5 bar). In
this case, ammonia emission started at very low temperature, lower than
250 °C. Moreover, it was found that storing nitrogen compounds and
then forming ammonia under pure hydrogen flow was consecutively
repeatable for 5 cycles, similarly to the chemical looping ammonia
synthesis process. However, in this alternative concept that aims to
overcome kinetic and thermodynamic limitations, it appears necessary
to perform the nitriding step under Ny rather than NH3. With this aim,
the optimization of the ruthenium deposition at the MXene surface re-
mains an attractive way.

Additionally, delamination of the MXene could potentially increase
the catalytic activity of the material, enabling a deposition on a support
with a higher specific surface area to disperse the MXene layers. As
supported, delaminated MXene could also facilitate the dispersion of
ruthenium, allowing a better evaluation of the metal influence in
interaction with the MXene. A well-dispersed MXene could favour also
the rate of nitriding by increasing the interaction of the MXene surface
with Nz.
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