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ABSTRACT: Ammonia is one of the most important feedstocks for
the production of fertilizer and as a potential energy carrier. Nitride
compounds such as LaN have recently attracted considerable
attention due to their nitrogen vacancy sites that can activate N,
for ammonia synthesis. Here, we propose a general rule for the design
of nitride-based catalysts for ammonia synthesis, in which the
nitrogen vacancy formation energy (Eyy) dominates the catalytic
performance. The relatively low Eyy (ca. 1.3 eV) of CeN means it can
serve as an efficient and stable catalyst upon Ni loading. The catalytic
activity of Ni/CeN reached 6.5 mmol-g""-h™" with an effluent NH,
concentration (Eyy;) of 0.45 vol %, reaching the thermodynamic
equilibrium (Eyy; = 0.4S vol %) at 400 °C and 0.1 MPa, thereby
circumventing the bottleneck for N, activation on Ni metal with an extremely weak nitrogen binding energy. The activity far exceeds
those for other Co- and Ni-based catalysts, and is even comparable to those for Ru-based catalysts. It was determined that CeN itself
can produce ammonia without Ni-loading at almost the same activation energy. Kinetic analysis and isotope experiments combined
with density functional theory (DFT) calculations indicate that the nitrogen vacancies in CeN can activate both N, and H, during
the reaction, which accounts for the much higher catalytic performance than other reported nonloaded catalysts for ammonia
synthesis.

B INTRODUCTION CO over metal oxides such as V,05 and CeO,, which are
interpreted within the Mars—van Krevelen mechanism.'*~"
This mechanism was further extended to ammonia synthesis
recently using oxyhydride and oxynitride based materials, in
which incorporated N*~ and/or H™ ions play a vital role for
ammonia production.'®™* For example, the transition metal
(TM)-loaded 12Ca0-7Al1,0; electride and Ca(NH,), exhibit
excellent catalytic activity for ammonia synthesis by the
presence of anionic electrons and incorporated H™ ions.”' >
TM-loaded metal hydrides (AH,, A = Li, Na, K, Ba, Ca) can
extract dissociated N from TMs to form metal-imide species,
which then undergo hydrogenation to the final NH;
product.”’~* Although high catalytic performance has been
achieved, these efficient support materials are still dependent
on the loading of active metals. Some perovskite materials,
such as BaCeO;_,N,H, and BaTiO,sH,;, also generate
ammonia, even without TM loading.‘?’o_33 For each case, the

Ammonia is important for the production of chemicals and
fertilizer worldwide.! N, activation to form ammonia (NH,) is
the general route for ammonia production, which requires the
large N=N bond energy (945 kJ-mol™) to be overcome.””
The major milestone for industrial ammonia production was
the development of the Haber—Bosch process. It was
demonstrated that Fe-based catalysts could generate NH;
from N, and H, molecules under high temperature (400—
600 °C) and high pressure (20—40 MPa) conditions.*’
Although electrochemical and photocatalytic approaches have
been attempted under milder conditions,”~ " the efficiency and
production scale have been far from industrial requirements,
which has led to the preference of the traditional thermal
catalytic process for large scale NH; production. There is thus
a high demand to develop more efficient substitutes as
industrial catalysts, and as such, further fundamental scientific
research has been undertaken.

The surface properties of heterogeneous catalysts are critical Received: June 19, 2020
for catalytic performance, and the introduction of surface
defect sites has emerged as an effective strategy to achieve high
activity for various chemical reactions."'~"® For instance,
oxygen vacancies are considered to participate in chemical
reactions such as the oxidation of aromatic hydrocarbons and
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Figure 1. Catalytic activity of Ni-loaded different nitrides. (a) Catalytic activity (blue, bulk; red, nanoparticles (NPs)) for ammonia synthesis over
various nitride-supported Ni catalysts. (b) Arrhenius plots for ammonia synthesis over Ni/CeN NPs, Ni/LaN NPs, Ni/CeN bulk, and Ni/LaN
bulk catalysts at 0.1 MPa. (c) Temperature dependence of ammonia synthesis activity over Ni/CeN NPs and Ni/CeN bulk at 0.1 and 0.9 MPa.
The inset of (c) shows an Arrhenius plot for ammonia synthesis over Ni/CeN NPs at 0.9 MPa. (d) Time course of ammonia synthesis over the Ni/
CeN NP catalyst at 0.1 and 0.9 MPa. (Reaction conditions: 0.1 g catalyst, Ny:H, = 15:45 mL min~", 150—400 °C, 0.1 and 0.9 MPa).

formation of nitride-hydride surface species significantly
promotes the catalytic performance of TMs. Accordingly, a
support material with high nitrogen affinity is considered to
enhance the catalytic performance of the TMs.

In this context, we recently demonstrated that a (LaN-Ni)
catalyst with dual active sites could separately activate H, and
N, molecules, and successfully overcome the scaling relation-
ship that has restricted the use of Ni-based catalysts for
ammonia synthesis due to the extremely weak nitrogen binding
energy of Ni.”* One of the highlighted points of LaN is its low
nitrogen vacancy formation energy (Eyxy). It was demonstrated
that the lattice N of LaN directly reacts with dissociated
hydrogen (H*) from the Ni surface to generate NH; and N
vacancies. N, molecules are subsequently adsorbed and
activated at the N vacancy sites, and continuously react with
H* to realize a stable catalytic cycle. The role of nitride
supports and their N vacancies has therefore inspired us to
consider Eyy as an important factor, and a general rule for the
design of Ni-based catalysts for ammonia synthesis.

In the present study, the correlation of Eyy over various
nitride supported Ni catalysts for ammonia synthesis was
clarified first. Among these tested nitrides, CeN showed the
highest activity with Ni loading, which is characterized by a
lower Eyy and a suppressed activation barrier toward ammonia
synthesis. CeN itself also serves as a stable catalyst for
ammonia synthesis, even without TMs-loading. Kinetic
analysis and isotope experiments indicate that the N vacancies
in CeN contribute to the activation of both N, and H,
molecules. The experimental data obtained are consistent
with the theoretical calculations, which indicate that the ease of
N vacancy formation determines the catalytic activity for

ammonia synthesis over nitride compounds, with and without
Ni loading.

B RESULTS AND DISCUSSION

To test the effect of the nitride support on the catalytic
performance of Ni, rare-earth metals (Re) based nitrides ReN
(Re = Ce, La, Y, and Sc) and early transition metals (Et) based
nitrides EtN (Et = Zr, Ti, Ta, and Nb) were employed as
supports with the same amount of Ni loading (ca. S wt % for
bulk, ca. 10 wt % for nanoparticles (NPs)) (Figures S1—S3).
Figure la compares the activities of Ni/ReN and Ni/EtN
catalysts at 400 °C and at a reactant gas (HyN, = 3:1)
pressure of 0.1 MPa. Ni/ReN effectively produced ammonia,
while the activities of Ni/EfN were below the detection limit.
In particular, Ni/CeN exhibited the highest activities, which
were as high as 3100 and 6500 ymol-g~"-h™" for the bulk and
NPs, respectively. In the turnover frequency (TOF) calcu-
lation, the concentration of surface nitrogen vacancies (Vy)
used was 3.9 X 10'* cm™ from the amount of top layer lattice
N of CeN, which are the active sites of the Ni/CeN catalyst
(details for the active sites are discussed later). The TOF of
Ni/CeN was estimated to be 0.064 s™'. The catalytic activities
and TOF value far exceed those of the other reported Ni- and
Co-based catalysts, and are even comparable to those of noble
metal catalysts, such as the Ru catalysts (Tables SI,
§2).2#2%357%0 The activities of the Ni/ReN catalysts are
ranked in the order of Ni/CeN > Ni/LaN > Ni/YN > Ni/ScN
for both the bulk and NP samples (as shown by the red and
blue bars in Figure 1a). Considering the similar specific surface
areas and Ni particle sizes of these Ni/ReN samples (Figure
S4), this order for the capability to promote the reaction is
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Figure 2. Characterization of Ni/CeN. (a) HAADF-STEM i image of CeN regions in N-deficient Ni/CeN, along the [111] direction. The inset of
(a) shows the corresponding crystal structure of CeN along the [111] direction. Ce and N atoms are represented as yellow and blue balls,
respectively. (b—d) AES spectra of fresh and N-deficient Ni/CeN,. (¢) HAADF-STEM image and (f—h) EDX mapping results for N, Ce, and Ni in

the used Ni/CeN catalyst.

considered to originate from the role of the nitride support
rather than that of the Ni sites. The apparent activation
energies (E,) of the Ni/CeN and Ni/LaN catalysts are close to
ca. 60 kJ-mol™" in the temperature range of 280—380 °C at 0.1
MPa (Figure 1b). The Ni/YN bulk catalyst shows a higher E,
(ca. 90 kJ'mol™") in the relative high temperature range of
400—500 °C at 0.1 MPa (Figure S5), which suggests that the
reaction mechanism over the Ni/CeN and Ni/LaN catalysts is
similar, i.e, H, and N, molecules are separately activated on
the loaded Ni and surface Vy sites of the ReN support, which
was confirmed through an isotope experiment using "*N, and
H, and the isotopic exchange reaction between '*N, and "°N,
(Figure S6, S7). *

As the most active sample, the generation of surface Vy on
the CeN support was further confirmed by high-angle annular
dark-field scanning transmission electron microscopy
(HAADF-STEM) along the [111] direction. Local distortion
could be identified after the treatment of Ni/CeN in a H,
atmosphere at 400 °C, which suggests the dislocation of Ce
atoms due to the formation of a substantial amount of N
defects (Figure 2a). To further confirm the generation of N
defects, Auger electron spectroscopy (AES) was performed to
investigate the surface composition. The depth dependence of
the N peak (ca. 387 eV) from the AES spectra show that N
defects are more likely to be generated on the CeN surface
(Figures 2b and S8). Figure 2b shows that fresh CeN has a
stronger N peak than that after H, treatment, while the Ce and
Ni peaks remains unchanged (Figure 2c,d). Consideration of
both the results of local distortion and reduced N AES peaks
suggests that a substantial amount of N defects were formed on
the Ni/CeN surface by H, treatment. Energy-dispersive X-ray
spectroscopy (EDX) mapping of the Ni/CeN sample collected
after reaction (Figure 2e—h) revealed that Ce and N are
uniformly dispersed on CeN. The mean Ni particle size was
estimated to be ca. 30 nm, which is consistent with scanning
electron microscopy (SEM) observations (Figure S4a).

To further understand the degree of the metal—support
interaction, we performed the PDOS calculations of Nig cluster
on nitrogen vacancy-free CeN surface (Nig/Ce,sN,g), Nig
cluster on Vy existed CeN surface (Nig/Ce,Ny;) and pure
Vy existed CeN surface (CeysN,). As shown in Figure S9, in
both Ni loaded cases, the density of states near Fermi level was
mainly contributed by the Ni 3d orbitals. Compared with the
PDOS of Nig/CeysN,g, Nig/Ce N, gave a significant shift due
to the electron doping, associated with the generation of N
vacancy. Therefore, the electronic energy region of the Fermi
level shifting is dominated by Ni 3d orbitals, and thus doped
electrons should be transferred from the Vi to the Ni sites.
While CeN support and Ni metal do not form ternary
compounds, Nig cluster can be strongly interacted with CeN
through such electron transfer during the catalytic cycles since
each of them was electronically connected. The orbital
hybridization between Nig cluster and N 2p orbitals is also
an important interaction between Ni and CeN support. As
shown in Figure S10, Ni[1] 3d orbitals hybridize with the
nearest N[2] 2p orbitals, and exhibit a substantial overlapping
of PDOS at around —4 < E — Ep < —2 eV. Such contribution
cannot be seen for the second nearest N[1] at the
corresponding energy range. This effect stabilizes the loaded
Nig cluster as well, and the stabilization energy was calculated
to be —8.8 eV per Nig cluster.

The reaction orders of the Ni/CeN catalyst were estimated
to be N, (a) = 1.2, H, () = 1.6, and NH; (y7) = —1.4, which
would result in a desirable high-pressure effect (Table S3). The
reaction rates increase monotonically with the reactant gas
pressure and no hydrogen poisoning was observed (Figure lc
and S11). It should be noted that E, for Ni/CeN NPs was
measured to be 54.6 kJ-mol ™! under 0.9 MPa (Figure 1c inset),
which is close to that under 0.1 MPa (Figure 1b) and indicates
the reaction mechanism remains unchanged under high-
pressure conditions. The catalyst produced ammonia con-
tinuously without degradation for 80 h at 340 °C and at both

https://dx.doi.org/10.1021/jacs.0c06624
J. Am. Chem. Soc. XXXX, XXX, XXX—=XXX


http://pubs.acs.org/doi/suppl/10.1021/jacs.0c06624/suppl_file/ja0c06624_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c06624/suppl_file/ja0c06624_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c06624/suppl_file/ja0c06624_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c06624/suppl_file/ja0c06624_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c06624/suppl_file/ja0c06624_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c06624/suppl_file/ja0c06624_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c06624/suppl_file/ja0c06624_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c06624/suppl_file/ja0c06624_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.0c06624?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c06624?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c06624?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c06624?fig=fig2&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://dx.doi.org/10.1021/jacs.0c06624?ref=pdf

Journal of the American Chemical Society pubs.acs.org/JACS
a b Mw = 17
Ni/CeN ~ 0.034 H_reaction Ni/CeN H,-TPR w=
4 = 2 ey 2
| (1.29ev)@| ¢ £
":: 2400 - y‘ 3 0.024 s Ni/CeN
o 5 Ni/lLaN | &
S 1600+ NiLaN 3 8 Ni/LaN
£ & (52ev) S 401l g
3 Ni/ScN 8 5 Mo
80005 oy 5 % i
e o* Ni/’YN I 0.00 ScN
o1 @ F o azev) z NiSeN | % P |
28 24 20 16 1.2 0 2 4 6 8 100 200 300 400 500 600 700 800
E,, (eV) Reaction time (h) Temperature (°C)
2 4 ——Ni/CeN .
——nitaN ~ © Ni O Ce ©oN o H
— Ni/YN
. TS3 VI
_ TS1 TS2
S | _—
T O | MMSNNSUUUNN7eeeeeees
@ i
C i
wi B
2, vV i
© |
3 |
i —-NH,3
2 :
NH, form NH; form
+H,
-3 NH form
+H,

Figure 3. Comparison of ammonia production, H,-TPR results and DFT studies over various nitride-supported Ni catalysts. (a) Ammonia
synthesis activity and N vacancy formation energies (Eyy) over various nitride-supported Ni catalysts. (b) Cumulative amounts of NH; generated
over various nitride bulk-supported Ni catalysts as a function of time using pure H, gas supply at 400 °C. (c) H,-TPR profiles for various nitride-
supported Ni catalysts. (d) Energy profiles from DFT studies of the reaction path for ammonia synthesis with various nitride-supported Ni

catalysts.

0.1 and 0.9 MPa, which confirmed excellent stability (Figure
1d).

To determine the origin of the different catalytic perform-
ance among the Ni/ReN catalysts with similar surface area and
particle size (Figure S4), DFT calculations were conducted
and nitrogen vacancy formation energies (Eyy) were calculated
to be Ni/CeN (1.29 eV) < Ni/LaN (1.52 eV) < Ni/YN (2.43
eV) < Ni/ScN (2.69 eV), which indicates that N}, in Ni/
CeN are more easily removed than Ny in Ni/LaN, Ni/YN,
and Ni/ScN (Figure 3a). Accordingly, the measurements of
Nluice removal from these Ni-loaded nitride catalysts reveal a
higher NH; production rate over Ni/CeN, with the lowest Eyy
among these Ni/ReN catalysts (Figure 3b). Furthermore, H,-
temperature-programmed reduction (H,-TPR) data showed
finite NH; desorption from Ni/CeN and Ni/LaN (Figure 3c).
The NH, desorption temperature of CeN (220 °C) is slightly
lower than that of LaN (250 °C), which is consistent with the
results of the pure H, supply experiment (Figure 3b). In
contrast, negligible NH; was detected over Ni/YN and Ni/
ScN (Figure 3c). These experimental results indicate that the
removal of Ny from Ni/CeN by H, proceeds more easily
than from Ni/LaN, Ni/YN, and Ni/ScN, which is consistent
with the different Eyy values (Figure 3a). As we reported for
Ni/LaN, the combined process of H* and Ny, in LaN is the
rate-determining step (RDS) for the ammonia synthesis

reaction.”* Here, the reaction barrier for Nj,y. hydrogenation
over Ni/ReN (Re = Ce, La, and Y) catalysts was also
calculated. The energy profiles of the intermediate structures
and transition states (TSs) as the key elementary steps are
shown in Figure 3d and Table S4—S6. The TS energy of the
Niice hydrogenation step (TS1) is the highest among all the
reaction steps for the Ni/LaN and Ni/CeN catalysts.
Therefore, the overall activation barrier for NH; formation
on Ni/CeN is ca. 0.37 eV, which is slightly lower than that on
Ni/LaN (ca. 0.46 eV), and indicates that Ny . in CeN is
more easily hydrogenated by H* than that in LaN, which is in
good agreement with the distinction of the experimentally
obtained E, (Figure 1b). However, in the case of Ni/YN, the
overall activation barrier comes from the hydrogenation of
NH, species (TS3) with an exceptionally large barrier of ca.
1.05 eV. This could be ascribed to the relatively large Eyy of
Ni/YN (Figure 3a), which makes it difficult to remove the
Njice from the YN lattice and is consistent with the
experimentally obtained E, of ca. 0.95 eV (ca. 91.5 kJ-mol™")
with Ni/YN (Figure SS). Moreover, from the final the energy
state in step VII (Figure 3d), Vy on Ni/CeN are much more
stable than those on Ni/LaN and Ni/YN, which is also in good
agreement with the distinction in the E, (Figure 1b) and Eyy
(Figure 3a). We also calculated the N, adsorption energy
(Ey,) into the Vy of these Ni-loaded nitrides to be Ni/CeN
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Figure 4. Catalytic performance for ammonia synthesis over various nonloaded nitride catalysts. (a) Catalytic activity (blue, 0.1 MPa; red, 0.9
MPa) for ammonia synthesis over pure CeN, LaN, and YN NPs. (b) Arrhenius plots for ammonia synthesis over pure CeN NPs at 0.1 and 0.9
MPa. (c) Pressure dependence of ammonia synthesis activity over pure CeN NPs. (d) Time course for ammonia synthesis over pure CeN NPs at
0.1 and 0.9 MPa. (Reaction conditions: 0.1 g catalyst, N,:H, = 15:45 mL min™"', 300—400 °C, 0.1—0.9 MPa).

(Eny = —121 eV), Ni/LaN (Ey, = —1.03 €V), and Ni/YN
(Ena = —1.56 eV). Accordingly, the N=N bond lengths were
increased to 1.25 A for Ni/CeN, 1.26 A, for Ni/LaN and 1.32
A for Ni/YN, which suggests that the removal of the top N
(end-on adsorbed N,) proceeds more easily from Ni/YN than
from Ni/CeN and Ni/LaN. However, the reaction rate over
Ni/YN is much lower than that over Ni/CeN and Ni/LaN,
which indicates that down N (equal to Nj,.) hydrogenation
controls the reaction rate; this is strongly related to the Eyy we
have proposed (Figure 3a). Therefore, the calculation results
presented here indicate that the RDS for ammonia synthesis
over the Ni/ReN catalysts is not N, dissociation, but one of the
Npice hydrogenation steps. The reaction barrier for Ny,
hydrogenation (RDS) over Ni/CeN is obviously lower than
those over Ni/LaN and Ni/YN because of the relatively low
Exy (ca. 1.3 eV), which results in the significantly higher
catalytic activity of Ni/CeN (Figure 1a). Figure S12 shows the
comparison of NH; desorption from Ni/CeN bulk and NPs
during H)-TPR. The NH; desorption reflects the reaction of
hydrogen with lattice nitrogen on Ni/CeN catalysts and
simultaneous Vi formation. The integrated peak area of the
Ni/CeN NPs for NH; desorption is almost twice that of Ni/
CeN bulk sample. Thus, the number of active sites on Ni/CeN
NPs is almost double that of Ni/CeN bulk catalyst, which is
consistent with the difference in the catalytic activities of these
two catalysts (Figure la). This result further supports our
proposed mechanism.

In the cases of Ni/EtN, the Eyy values for Ni/ZrN and Ni/
NDN were calculated to be 3.36 and 1.84 eV, respectively.
Here, we consider that the negligible catalytic performance
could be ascribed to the reported larger nitrogen vacancy

formation energy compared with that for cation vacancies,"'
which makes it almost impossible to remove Ny, from these
compounds, and this was also confirmed by the absence of
NH; in the H,-TPR results for the Ni/EtN catalysts with
similar specific surface areas and Ni particle sizes (Figure S13,
S14). All of these computational and experimental results
indicate that the catalytic activities of Ni/ReN (Re = Ce, La,
and Y) are closely related to Eyy, which demonstrates the
importance of Vy in various nitrides for N, activation and
hydrogenation toward Ni loaded catalysts for ammonia
synthesis.

Overall, the Ni/CeN catalyst was demonstrated to be the
most efficient Ni-based catalyst for ammonia synthesis
reported to date. During the reaction, dissociated H* from
the Ni surface can directly react with Ny, of CeN to generate
NHj; and nitrogen vacancies. N, molecules are subsequently
activated at the defect sites and again react with H* to realize a
stable catalytic cycle. Here, we consider whether nitrogen
defects can also activate H, molecules, i.e., whether CeN itself
can also act as a stable catalyst for ammonia synthesis. Given
the much higher surface areas of the NP samples among pure
CeN, LaN, and YN, the catalytic performance for ammonia
synthesis over pure NP catalysts is shown in Figure 4a. Pure
CeN NPs exhibited catalytic activities of 250 and 1450 ygmol-
g "“h7' at 0.1 and 0.9 MPa (400 °C, WHSV: 36 000 mL-g -
h™"), respectively, which are 2 times higher than those with
pure LaN and YN NPs. To the best of our knowledge, the
catalytic activity of pure CeN NPs is superior to those of other
reported non-TM-loaded catalysts, such as BaCeO;_,N,H,
(430 pmol-g"h™’, 400 °C, 0.9 MPa, WHSV: 36000 mL-
g h™") and BaTiO, ;H5 (700 umol-g~"-h™", 400 °C, S MPa,
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Figure 5. Characterization and DFT calculations of various nitrides. (a) Reaction time profiles for NHj synthesis from '*N, and H, over fresh CeN.
(b) Reaction time profiles for the ratio changes of 17/18 and 16/18 according to (a), where in mass spectrometry, NH,/NH; = 0.8 and NH/NH,
= 0.075. (c) AES spectra N signals for fresh and used Ni/CeN, and pure CeN catalysts. (d) N vacancy formation energies (Eyy) and nitride
formation energies (Eyg) for pure CeN, LaN and YN catalysts. (e) TPD profiles for ammonia synthesis over used CeN, LaN, and YN NPs catalysts.
(f) Cumulative amounts of NH; generated over pure CeN, LaN, and YN NP catalysts as a function of time using pure H, gas supply at 400 °C.

WHSV: 54 000 mL-g~"-h™"), as shown in Figure S15.>”** The
E, for the pure CeN NPs were estimated to be 56.5 and 57.2
kJ'mol™" at 0.1 and 0.9 MPa (Figure 4b), which were
comparable to those for the Ni/CeN catalyst (Figure 1b),
but smaller than those for other reported non-TM-loaded
catalysts (70—80 kJ-mol™") (Figure S15). The reaction orders
with respect to N,, H,, and NH; were measured to be 1.0, 1.3,
and —1.6 (Figure S16 and Table S3), similar to those of Ni/
CeN catalyst, indicating a similar reaction mechanism which
will be discussed later. A positive pressure effect, almost 6-fold
enhancement of the reaction rate, was achieved when the
pressure was increased from 0.1 to 0.9 MPa (Figure 4c). The
crystal structure and the initial ammonia synthesis rates were
maintained after 120 h under both ambient and high pressure
conditions (Figure 4d and S17), and the total amount of
generated ammonia reached 17.4 mmol, which was more than
26 times the total nitrogen content in the CeN catalyst (0.65
mmol). This result indicates that the produced ammonia is not
derived from the decomposition of CeN, but from the catalytic
cycle.

To further clarify the mechanism, the isotopic effect was
measured using "*N, and H, over the pure CeN NP catalyst.
Figure 5a shows the changes in intensity for mass numbers as a
function of time. Ammonia isotopomer-related species with the
mass signals of m/z = 16 (“NH or "“NH,), 17 ("*NH, or
“NH,), 18 ("*'NH,), and 30 (**N,) were all detected. After the
introduction of isotope gas '*N, and H,, the signals measured
for the intensity ratios of m/z 17/18 and 16/18 were larger
than the theoretical values of 0.8 (m/z 17/18) and 0.075 (m/z
16/18), which indicated the generation of both '*NH; and
NH; (Figure Sb). These results clearly indicate that the
lattice N of CeN participate in the formation of ammonia,
which is consistent with the case for Ni/CeN (Figure S6).

These results raise the following question. How can H,
molecules be activated and dissociated to form reactive
hydrogen species? To address this point, the change of the
surface composition was estimated from AES measurements
(Figures Sc and S18). The variation in the surface composition
of Ni/CeN shows that the N peak (ca. 387 eV) remains largely
unchanged after reaction, which indicates that the in situ
generated surface N vacancies are readily replenished by gas-
phase N, molecules during ammonia synthesis. Figure S19
shows the calculated adsorption energies of H, on the Ni
surface and N vacancies are —1.30 and —0.62 eV, respectively,
which indicates that H, is more likely to be adsorbed on the Ni
surface than on the N vacancies of CeN. Given the extreme
weak nitrogen adsorption energy of Ni, the N, molecules tend
to occupy the surface Vi sites with an adsorption energy of
—1.21 eV (Figure S19c), which is consistent with the
unchanged surface N content indicated by the AES spectra
(Figure Sc). In contrast, the surface N content of pure CeN
decreased significantly after reaction (Figure Sc), which is
ascribed to the competition between H, and N, molecules to
occupy the surface Vy sites. Accordingly, ca. 0.14 hydrogen
atoms per formula unit are desorbed from the used CeN
catalyst above ca. 250 °C (Figure S20). Also, no amide
(NH,") and imide (NH>") species could be confirmed in
Raman spectra the used CeN catalyst (Figure S21). In
combination with the AES surface composition analysis and
the large amount of H desorption from the TPD measure-
ments, it is reasonable to deduce that the surface Vy sites of
pure CeN are mainly occupied by hydrogen species. However,
unlike other Ce-based oxide catalysts, H, molecules dissociate
homolytically and form H™ ions at the Vy sites of CeN, which
is evidenced by Bader charge analysis (—0.7 for each
dissociated H atom).>* This large amount of H™ ions that
occupy Vy sites then participate in the formation of ammonia.
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In the Ni/ReN catalyst, Eyy determines the catalytic
performance for ammonia synthesis upon Ni. The comparable
E, (ca. 60 kJ-mol™") of pure CeN (Figure 4b) indicates a
similar reaction mechanism is valid for Ni/CeN. Here, the
hydrogenation process of Ny, in pure CeN was also
investigated using DFT calculations (Figure S22 and Table
S7). The H, molecules can be activated and dissociated on the
Vy sites of CeN because of the negligible energy barriers (I —
I, IV — V). The surface Ny, reacts step-by-step with H*
formed from the nearby VY sites. After hydrogenation of the
surface N ¢ by two H*, NH, is ejected from the lattice by a
dissociated H* by an energy-favored state (step VI). The final
hydrogenation step of NH, with the dissociated H* creates an
overall energy barrier of 0.64 eV for the entire reaction (VI —
VII). The calculated reaction paths over pure CeN are slightly
different from those over the Ni/CeN catalyst because the
overall energy barrier originates from the different hydro-
genation steps (Figure 3d). The relatively lower catalytic
activity of pure CeN than the Ni-loaded catalyst may be
ascribed to the large number of H, molecules that occupy the
surface Vy sites, which inhibits the adsorption and activation of
N, molecules (Figure Sc). Here, Eyy was also calculated for
pure CeN, LaN, and YN in the following order: CeN (1.39
eV) < LaN (1.72 eV) < YN (2.65 €V), which indicates that
Nl.ice is more easily removed from CeN than from LaN and
YN (Figure 5d).

The order determined for the nitride formation energy
(Exg) was YN (—3.48 eV) < LaN (—2.65 eV) < CeN (—2.44
eV), which indicates the thermodynamic stability of YN is
much higher than that for LaN and CeN, and that the most
active N is that in CeN, which is consistent with the
calculated Eyy. Accordingly, N, desorption from the used CeN
catalyst occurs in a lower temperature range than that from
LaN and YN (Figure Se). To further investigate this
relationship with ammonia generation, NH; production was
investigated using each catalyst under a pure H, gas supply
(Figure 5f).The NH; production over CeN was higher than
that over LaN and YN in the following order: YN < LaN <
CeN. Therefore, the ease of N vacancy formation also
determines the ammonia synthesis reaction over pure nitride
compounds without Ni.

B CONCLUSION

The present work demonstrates that rare earth metal nitrides
such as CeN, LaN, and YN can act as efficient supports and/or
catalysts for ammonia synthesis, in which nitrogen vacancy
formation has a strong effect on the catalytic performance. In
the case of Ni-loaded nitrides, H, and N, are separately
activated at Ni metal and Vy sites, respectively. Without Ni
loading, Vy sites can activate both H, and N, simultaneously
for stable ammonia production. Due to the relative low Eyy
(ca. 1.3 eV), CeN itself and with Ni loading were
demonstrated to be the most efficient and stable catalyst for
ammonia synthesis among the different nitride catalysts
investigated. Understanding the role of nitrides may shed
light on the design and development of eflicient early transition
metal based heterogeneous catalysts for other chemical
processes.

B EXPERIMENTAL SECTION

Sample Preparation. CeH; and LaH; bulk samples were
prepared by the treatment of Ce and La chips (99.99%, Kojundo
Chemical Lab. Co.) in a 1.5 MPa H, atmosphere at room temperature

for 2 h. The corresponding CeN and LaN bulk samples were then
synthesized by heating CeH; and LaH; powders at 600 °C under a N,
gas flow for 6 h. YH; and ScH, bulk powders were prepared by
reacting Y and Sc chips (99.99%, Kojundo Chemical Lab. Co.) in a
1.5 MPa H, atmosphere at 400 °C for 4 h. YN and ScN bulk samples
were synthesized by heating bulk YH; and ScH, at 800 and 1000 °C,
respectively, under a N, flow gas for 24 h. CeH;, LaH;, and YH; NPs
were obtained by an Ar/H, arc evaporation method.** CeN and LaN
NPs were prepared by heating CeH; and LaH; NPs at 400 °C under a
N, gas flow for 48 h. YN NPs were synthesized by the heat treatment
of YH; NPs at 700 °C under a N, gas flow for 24 h. Other nitride
materials, such as ZrN, TiN, TaN, and NbN, were obtained as
commercially available products. For Ni loading, nickelocene
(Ni(CgHg),) was used as a Ni precursor, which was mixed with
various supports in an agate mortar within an Ar-filled glovebox. The
mixture was then heated at 250 °C under a H, gas flow for 1.5 h. The
nitrides are moisture sensitive; therefore, all of the catalyst preparation
procedures were performed in an Ar-filled glovebox.

Catalytic Reaction. Catalytic reactions were conducted in a fixed-
bed flow system with a flow of H, (>99.99999%) and N,
(>99.99995%) with a H,/N, flow ratio of 3. The concentration of
ammonia in the effluent stream from the catalyst bed (0.1 g) was
tested under steady-state conditions at a gas flow rate of 60 mL-min™"
in the temperature range of 150—400 °C and under pressure in the
range of 0.1—0.9 MPa. The reaction temperature errors were
minimized by directly placing a thermocouple into the catalyst in
the fixed-bed flow reactor. The ammonia produced was dissolved in 5
mM sulfuric acid solution and the amount of NH," ions in the
solution was identified using ion chromatography (Prominence,
Shimadzu) with an electrical conductivity detector. All kinetic results
were performed far from equilibrium limitations. The reaction orders
with respect to N, and H, were determined with Ar gas as a diluent to
ensure a total flow of 60 mL-min~" when changing the flow rate of N,
and H, at 340 °C and 0.1 MPa.

The ammonia synthesis reaction can be described as shown in eq 1:

1/2N, + 3/2H, — NH, (1)

Then, the effluent NH; concentration can be calculated from the
reaction rate r, (eqs 2—4):

QNH3 =1 Vm.mcat (2)

Q-total = QNZ -1/ 2Q—NH3 + Q—HZ -3/ 2QNH3 + QNH3
=Q, + U — Qs (3)

Exms = Q—NH3/ Qo (4)

where r, is the reaction rate, V,, is the molar volume, m_,, is the weight
of catalyst, Qny Qi and Qups are the volume flow rates of the feed
and product gas, respectively, and Eyy; is the effluent NH;
concentration. Here, thermodynamic limits of effluent NHj;
concentration at 400 °C and under 0.1 MPa is 0.45 vol %.

For calculation of the TOFs, surface Vy sites of Ni/CeN were
regarded as the active sites for the activation and adsorption of N,
molecules, and then for further hydrogenation to produce NH;, which
could be determined from the concentration of the top layer Ny ;.. of
CeN. The amount of top layer Ny ;.. was estimated from the unit cell
of pure CeN to be 3.9 X 10'* cm™. The TOFs were then calculated
from the reaction rate r,, derived from the number of surface N atoms
(eq S):

TOFs = rO'l\IA/I\TsurfaceN'sBET (5)

where r is the reaction rate, N, is Avogadro’s constant, Ny ... v is the
amount of top layer N of CeN, and Sggr is the specific surface
area of the catalyst. The surface of CeN was loaded with Ni NPs,
which partially hindered the exposure of surface N atoms. Therefore,
the TOFs obtained from this calculation method were under-
estimated.

Sample Characterization. The crystal structure was analyzed
using X-ray diffraction (XRD; D8 Advance, Bruker) with Cu Ka
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radiation (1 = 0.15418 nm). The samples were placed in Ar-filled
capsules to protect them from air exposure. The morphology of the
samples was evaluated using field-emission scanning electron
microscopy (FE-SEM; JSM-7600F, JEOL) and the component
elements were analyzed using energy dispersive X-ray spectroscopy
(EDX; JED-2300, JEOL). Transmission electron microscopy (TEM)
and high-angle annular dark-field scanning transmission electron
microscopy (HAADF—STEM) images were obtained using an atomic
resolution analytical electron microscope (JEM-ARM200F, JEOL)
operated at an accelerating voltage of 200 kV. Raman spectra of the
samples were measured with a spectrometer (HR-800, Horiba Jobin
Yvon), using a laser with a wavelength of 457.4 nm. Auger electron
spectroscopy (AES) was performed with 10 keV primary electrons
using a scanning Auger nanoprobe system (PHI 710, Ulvac-Phi).
Nitrogen sorption measurements (BELSORP-mini II, BEL) were
applied to evaluate the Brunauer—Emmett—Teller (BET) surface
areas of the catalysts. Temperature-programmed reduction with H,
(H,-TPR; BELCAT-A, BEL) was also conducted. Prior to measure-
ments, the catalysts (0.1 g) were introduced into a quartz glass cell in
an Ar-filled glovebox. The glass cell was then heated (10 °C:min™") in
a stream of 4.8% H,/Ar, and the H, consumption and gas products
were monitored with a mass spectrometer (Bell Mass, BEL).
Temperature-programmed desorption (TPD) of hydrogen (BEL-
CAT-A, BEL) was performed using the same instrument for H,-TPR.
Prior to measurements, the catalysts (0.1 g) were introduced into a
quartz glass cell in an Ar-filled glovebox and the glass cell was heated
(10 °C-min™") in an Ar stream (50 mL-min™"), and the concentration
of H, was monitored with a thermal conductivity detector (TCD) and
mass spectrometer (Bell Mass, BEL).

Isotope Experiment. Ammonia synthesis from N, isotope
(98%) and H, was performed using a U-shaped glass reactor
connected to a closed gas circulation system. The mixture of '°N, and
H, gases (total pressure = 60 kPa, '*N,:H, = 1:3) was introduced into
the glass system, and the catalyst (0.2 g) was heated at different
temperatures (Ni/CeN: 340 °C, CeN: 400 °C). The circulating gas
was monitored using gas chromatography (GC; GC-8A, Shimadzu)
with a Chromosorb 103 column to separate the NH; gas from the
mixture, and the outlet gases from the chromatograph were also
detected with a quadrupole mass spectrometer (M-101QA-TDM,
Canon Anelva Corp.) and He was used as the carrier gas. The m/z =
2, 16, 17, 18, 28, 29, and 30 masses were monitored as a function of
time to follow the reaction. The N, isotope exchange experiment was
performed using a U-shaped glass reactor in connection with a closed
gas circulation system. A mixture of *N, and "*N,, with total pressure
of 20 kPa (**N,:"N, = 1:4), was adsorbed on the catalyst at the
reaction temperature until an adsorption equilibrium was reached.
The circulating pump placed in the system removes diffusional and
adsorption/desorption limitations. The circulating gas was monitored
with a quadrupole mass spectrometer (M-101QA-TDM, Canon
Anelva Corp.), and the mass-to-charge ratios (m/z) of 28, 29, and 30
were measured as a function of time.

Computational Calculations. All of the structural relaxation and
electronic structure calculations were performed using density
functional theory (DFT) as implemented in the Vienna Ab Initio
Simulation Package (VASP).*** The generalized gradient approx-
imation (GGA) with the Perdew—Burke—Ernzerhof (PBE) func-
tional* was adopted in the DFT calculations, and the core electrons
were described using the projector augmented wave (PAW)
method.***” The PAW potentials used in this work were N, H, Nij,
La, Ce 3, and Y_sv from the VASP distribution, where the Ce 3
potential is that where one 4f electron is kept frozen in the core and
the valency of Ce is fixed to three. The Ce_3 potential was selected
because nitrogen vacancy generation leads to inordinate electron
doping into the Ce 4f bands with the DFT+U method using the Ce
potential. Spin polarization in Ni was considered. First, the lattice
parameters for bulk Ni and ReN were relaxed using Monkhorst—Pack
grids of 20 X 20 X 20 and 12 X 12 X 12, respectively. An energy
cutoff of 500 eV and total energy convergence of 10~ eV were used
to create the plane wave basis set. The ReN(001) surfaces, based on
the optimized bulk lattice parameters, were selected for study because

they were most favored for exposure. The ReN(001) surfaces were
modeled by an 11 layer slab with a 4 X 4 lateral unit cell. A 20 A thick
vacuum region was set to prevent interaction between the slabs. The
central 3 layers of atoms of the surface models were kept fixed to hold
the characteristics of realistic surfaces, while the remainder of the unit
cell was allowed to be fully relaxed during the geometry optimizations.
A cutoff energy of 500 eV and a Monkhorst—Pack K-mesh setting of 3
X 3 X 1 were employed in the calculation for the ReN(001) surfaces.
The vacuum level was confirmed as the energy level at which the
electrostatic potential became constant. The atoms in the 4 bottom
layers were then removed, and the atoms in the 4 top layers were
relaxed for further Vi formation and TS calculations. The model of
the Ni-loaded ReN surface was constructed by binding a Nig cluster
onto a ReN(001) surface. Here, the Vy site is located at the second
nearest neighbor site (N[1]) with respect to Nig cluster (Figure S23).

The nitrogen vacancy formation energy (Eyy) of the ReN(001) and
Ni/ReN surfaces are defined as (eq 6):

Eyy = E(Vy/surface) — E,  (surface) + 1/2E,(N,) (6)

where E(Vy/surface) is the total energy for the optimized surface
nitrogen atom desorption configuration at different surfaces,
E,(surface) is the total energy of the surface model, and E,(N,)
is the total energy of an N, molecule.

The adsorption energies of X [E4(X)] (X represents H, or N,)
species on the surfaces are defined as (eq 7):

E4(X) = E,(X/surface) — E, (surface) — E, (X) (7)

where E,(X/surface) is the total energy of the optimized X
molecule/atom adsorption configuration, and E,(X) is the total
energy of an X molecule or atom. The TSs were searched using the
climbing image-nudged elastic band (CI-NEB) method.*® The energy
and force convergence criteria were set to 107 eV and 0.05 eV-A~,
respectively. All molecules in the gas phase were relaxed in a box with
dimensions of 20 X 20 X 20 A%,
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