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ABSTRACT: The activation of dinitrogen is the key step in ammonia production, which is
usually conducted at transition-metal catalysts (Fe and Ru) with the condition of high o —3

temperatures and pressures (400—500 °C and 10—30 MPa). A recent development in catalytic
ammonia synthesis is the use of potassium hydride-intercalated graphite (K,H,C,) as catalysts, o/ S
which can activate dinitrogen at relatively moderate temperatures and pressures (250—400 °C
and 1 MPa) without expensive transition metals. The nanoconfinement of alkali metal hydride
between the graphene layers plays an important role in the activation and conversion of
dinitrogen. It is attractive to further elucidate the interplay rules between nitrogen-based
intermediates, metal hydride, and graphene layers. In this work, we designed three kinds of
alkali metal hydride (MH)-intercalated graphene catalysts (Li,HCys, Na,HCys, KHCys) as a
platform for exploring the reaction mechanism of nitrogen at two-dimensional confinement.
We found that the alternating associative pathway of the ammonia synthesis is dominant over
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the MHe-intercalated graphene catalysts. The activated *H from MH contributes to the

hydrogenation process of N, to form NH; molecules. The graphene layers with A-level confined spacing promote the electron
transfer between the reaction intermediate and alkali metals, which is favorable for the regeneration of the MHCy4 catalytic system.
This work provides theoretical insights into the design of alkali metal hydride-based catalysts for nitrogen activation.

1. INTRODUCTION

Ammonia is not only an important chemical for producing
fertilizers, dyes, explosives, and resins’ but also a potential
hydrogen carrier, effectively addressing the challenges
associated with hydrogen energy storage and transportation.”
The Haber—Bosch process is commonly used for the industrial
synthesis of ammonia (N, + 3H, — 2NH;) under high
temperature and pressure conditions (400—500 °C and 10—30
MPa), which requires the use of transition-metal catalysts such
as iron (Fe) or ruthenium (Ru).” The ammonia synthesis
process in industry accounts for more than 1% of global energy
consumption with serious greenhouse gas emission.” To
reduce energy consumption and CO, emission, it is significant
to explore potential catalysts that can work under milder
temperatures and pressures for the thermal catalytic conversion
of nitrogen.

During traditional ammonia synthesis processes, N, is
adsorbed and dissociated directly on transition-metal catalysts,
and the free N is hydrogenated to produce NH;.> The rate-
determining step is the breaking of the stable N=N bond (945
k] mol™), and there also exists a competitive relationship
between nitrogen adsorption and product desorption, which
can be broken by modifying the electronic state of transition
metals with additional active centers.” Chang et al. achieved
the thermal catalytic conversion of nitrogen under the
conditions of 300—400 °C and 1 MPa by utilizing transition-
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metal nitrides and alkali metal hydrides (Mn,N-AHs).” The
alkali metal hydrides acted as the second active center,
capturing free nitrogen on the transition metal and facilitating
the hydrogenation of nitrogen. Wang et al. also proposed the
use of LiH as the second active center for nitrogen
hydrogenation and subsequent ammonia formation, reducing
the reliance on the transition metal.® Guan et al. proved that
the hydridic hydrogen acts as an electron donor and facilitates
the activation of N, with concurrent H, release by studying the
function of hydrogen vacancies created at the BaH, surface,
which can adsorb and activate N,.” Cao et al. investigated the
associative mechanism of the thermo-catalytic ammonia
synthesis system in Ca;CrN;H with the active centers of
arranged Ca; holes modified electronically by a distant Cr,
finding that dilution of the surface active site helped to
strengthen the association mechanism due to the inherent
structure.'” Wu et al. utilized NaH as a mediator to achieve the
hydrogenation of fixed N to NH; under ambient temperature
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and avoid the plasma-induced ammonia cracking in the
plasma-driven chemical looping ammonia synthesis process
(PCLAS loop)."" Accordingly, compared to conventional
transition-metal catalysts, the addition of electron-promoting
alkali (earth) metal hydrides (LiH, NaH, KH, BaH,) can
enhance the catalytic activity of ammonia synthesis by 2—4
orders of magnitude'” and reduce the requirements of the
reaction conditions.> Chen et al. found that K promoter can
facilitate the adsorption of N, at the coordination of
unsaturated iron sites in the cyclopentadienylidene form."*
Besides, Kalucki and Morawski used iron intercalated in
graphite as catalysts for ammonia synthesis; the iron
coordinated by carbon and potassium can influence the
intensity of the electron paramagnetic resonance signal and
activity."> For electrochemical ammonia synthesis, Noskov et
al. found that lithium-mediated nitrogen reduction reaction
(Li-NRR) in nonaqueous electrolytes can efficiently produce
ammonia from N,.'® Their study focused on optimizing the Li-
NRR process through multiple strategies that includes
potential cycling,'” using oxygen as a promoter,'® employing
potential proton shuttles,"””” increasing electrode surface
area,”"*? regulating electrolyte interfaces,” and designing a
continuous-flow electrolyzer with gas diffusion electrodes.”*
They also explored advanced materials to improve the
efficiency and scalability of electrochemical ammonia synthesis,
such as the new electrolyte of calcium tetrakis-
(hexafluoroisopropyloxy)borate for calcium-mediated NH,
synthesis.”> Totally, it is worth noting that the use of alkali
metal hydrides has the potential to reduce the need for
expensive transition-metal catalysts and even serve as a
replacement.

Nanoconfinement is expected to enhance the reversible
hydrogen storage capability”® and catalytic activity of metal
hydrides.””~*” Graphene, a two-dimensional carbon material
with exceptional electronic, mechanical, and thermal proper-
ties, possesses a large surface area that prevents hydrogen
molecule aggregation, makin§ it an effective supporting
material for metal hydrides.””’" Intercalating the metal
hydrides into graphene can modify the electronic,”” magnet-
ism,>* and vibration®* properties of the two-dimensional
confined system.”>*® Ahmad et al. studied the alkali metal
halide-intercalated graphene theoretically, finding that the van
der Waals interaction between alkali metals and halogens
disrupts the electron pairing (M*—C™) within alkali metals and
graphene layers and subsequently results in the charge transfer
shifting from the alkali metal—graphene to the alkali metal—
halogen.37 Therefore, the intercalation of halogen atoms can
control the charge transfer between alkali metals and graphene
bilayers. Shi et al. have successfully synthesized highly
dispersed tungsten carbide nanoparticles (NPs) sandwiched
between few-layer reduced graphene oxide (RGO), reducing
the requirement of Pt for the same performance by the
intercalated structure and synergistic effect.”® Kikuchi et al.
found that the lamellar compound of graphite (LCG)
intercalated by ferric chloride can catalyze the synthesis of
hydrocarbons with outstandingly high selectivity (more than
90% at 400 °C).** Moreover, the embedded alkali metals in
the graphene layers exhibit metallic characteristics, and the
energetic positions of the interlayer states can be controlled by
intercalating different metal atoms, inducing phonon-mediated
superconductivity.*”*' Chang et al. prepared a KH-intercalated
graphite catalyst (KH;,,C,;) for the catalytic ammonia
synthesis.”” With the introduction of N, and H, by a 1:3

ratio to a fixed-bed reactor under milder operating conditions,
the ammonia productivity was comparable to that of the
traditional transition-metal catalyst Ru/MgO at temperatures
of 250—400 °C and 1 MPa. Therefore, since the alkali metal
hydride nanoconfined between the graphene layers can
contribute to the activation and conversion of dinitrogen, it
is important to further discuss the effect of the identity of alkali
metal hydrides on the catalytic mechanism and the interplay
picture between nitrogen-based intermediates, alkali metal
hydrides, and graphene layers during the nitrogen reduction
reaction (NRR) process.

In this work, we designed three MH-intercalated graphene
(LiHCy6, NaHCgg, KHC,) catalysts to study the NRR process
at nanoconfinement using density functional theory (DFT)
calculations. We first evaluated the distal and alternative
reaction pathways of the ammonia synthesis over the MH-
intercalated graphene catalysts. The analysis of the orbital and
charge properties was performed to reveal the electronic
interplay between nitrogen-based intermediates, alkali metal
hydride, and graphene layers. Finally, we presented a detailed
illustration of the activation and hydrogenation mechanisms of
dinitrogen over the MH-intercalated graphene catalysts.

2. COMPUTATIONAL DETAILS

2.1. DFT Calculations. The energy and charge properties
of the MH-intercalated graphene systems are calculated using
the Vienna ab initio simulation Package**™* and choosing the
Perdew—Burke—Ernzerhof exchange—correlation functional.*’
The electron—ion interaction in the system is described using
the projector-augmented wave method*” and the cutoff energy
for the plane-wave basis was 420 eV. For different MH-
intercalated graphene catalysts, a Monkhorst—Pack k-point
mesh with a 2 X 2 X 1 k-point grid is used to sample the
Brillouin zone. The DFT-D3 correction method was employed
to illustrate the long-range dispersion interactions between the
adsorbates and catalysts.48 In all models for calculation, a
vacuum layer of 10 A was added to the z-direction to avoid the
effect of adjacent periodic structures on the calculation results.
With the energy convergence criteria of 107 eV and the force
convergence criteria of 0.02 eV/A, the structures of the MH-
intercalated graphene catalysts and subsequent nitrogen-based
intermediates were fully optimized. The intercalation energy
(AE™) and relative energy (AE™™) were calculated as

AE™ = E —(Be + By + LE
= EMHCy, Cys T XEMm 5 H, 1)

Rxn __ )y
AE™ = EMXHC%—NZH}, - (EMXHC% + Ey, + ;EHZ) @)

where Ey yc,, Ec,y Emy and Ey, represent total energies of the

MHe-intercalated graphene, graphene, alkali metal atoms, and
hydrogen molecules. Enhc,engH, i the energy of the catalyst

binding intermediates (N,H,), Eyyc,, and Ey, are the energy
of the catalyst and N, molecule, and y/2Ey represents the

energy of the H, molecule required for the reduction reaction.

2.2. Reaction Mechanism. Previous studies reported that
the NRR pathway on MH-intercalated graphene catalysts is
more favorable for the associative pathway, bypassing the
strong energy barrier of direct nitrogen dissociation before
hydrogenation.””*”*° In the associative mechanism, N, is
adsorbed on alkali metals but cannot directly dissociate in the
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Figure 1. Top and side views of optimized catalyst structures. Structure model of (a) LiH-intercalated graphene (LiHC,), (b) NaH-intercalated
graphene (NaHCy), and (c) KH-intercalated graphene (KHC,). (d) Relative energy diagram for N, adsorption and the first hydrogenation step
on the KH, graphene interlayer, KHCy4, and KHCgg(pove)- (€) Alkali metal hydride-intercalated graphene (stage-1) and four-layer graphite slabs
(stage-2). (f) Intercalation energy of M, H-intercalated graphene (M: Li, Na, K). The green, yellow, purple, white, and gray atoms represent lithium
(Li), natrium (Na), potassium (K), hydrogen (H), and graphene, respectively.

interlayer of the catalyst. Instead, the activated H attacks the
N,, leading to the complete cleavage of the N=N bond and the
formation of the ammonia molecules. This study investigates
the NRR process on different MH-intercalated graphene
catalysts using the distal associative pathway and alternating
associative pathway (Figure S1). In the distal associative
pathway, the distal N is preferentially reduced to produce
ammonia, and the proximal N is then hydrogenated to produce
a second ammonia. However, in the alternating associative
pathway, H reacts with two N in turn until N is completely
reacted. By calculating the relative energy changes of reaction
intermediates, the reaction pathways during the NRR process
can be analyzed in different catalytic systems.

2.3. Model Description. In the previous experimental
research, the hydrogen content quantification result shows that
~24% hydrogen remained in the catalyst after the intercalation
process, which provides a molar ratio of 4:1 for K/H in the
catalyst.*” In addition, ICP elemental analysis shows that the
stoichiometry of K/C in the catalyst is 1:24. Therefore, we
choose the ratio of the C atom to the hydrogen atom to be
96:1 in our model and study the effect of different alkali metal
numbers and species on the NRR process. As shown in Figure
la—c, in the MH-intercalated graphene catalysts named
MHCy (M = Li, Na, K), the alkali metal hydride was
supported at the interlayer spacing between the graphene
layers with the supercell of 6 X 4 X 1, containing 48C atoms in
each graphene layer. The interlayer spacing of the initial
graphene bilayer model is S A, and the structure is optimized
after insertion of the alkali metal hydride. The distance
between the layers of graphene is proportional to the diameter

of the alkali metal atoms, with optimized interlayer distances of
443 A (LiHCy), 5.32 A (NaHCy), and 549 A (KHC,),
respectively. The graphene structure near the alkali metal
hydride is slightly deformed, and the interlayer spacing is larger
than the distance between the edge graphene layers. In Figure
1d, the N, adsorption energy is —0.23 eV on CysKH, which on
pure KH is 1.09 eV and on two adjacent graphene layers
(without alkali metal hydride) is 1.42 €V, indicating the
enhanced ability of N, adsorption and activation in the MH-
intercalated system. The difference of the N, adsorption
energy indicates that the adsorption of N, is enhanced by the
presence of intercalated KH, which is consistent with the
experimental finding that potassium hydride under confine-
ment can activate N,.* Considering the situation of KH above
the graphene layer, the energy of N, adsorption is 0.05 eV,
indicating that the interaction between N, and KHCys(,pove) is
weaker than KH—Cyg. The energy barrier of *N, to *NNH on
KHCy is 1.9S eV, which is lower than 2.00 eV on KHCyg(,pove)s
suggesting the positive role of nanoconfinement. The
computational conclusion on the effect of nanoconfinement
is in line with the previous experiments, which showed that
CaH, has no catalytic activity but can catalyze ammonia
synthesis under confinement.'””' Meanwhile, the effect of the
number of graphene layers on the catalyst performance was
studied, and the alkali metal hydride was intercalated into the
two-layer graphene (stage-1) and four-layer graphite (stage-2)
structures, respectively (Figure le). The optimized interlayer
spacing in the stage-1 model is 5.49 A. By contrast, the
optimized interlayer spacing with the alkali metal hydride in
the stage-2 model is 5.39 A. Moreover, it is also found that the

https://doi.org/10.1021/acs.energyfuels.4c01071
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Figure 2. Relative energy diagram for distal and alternative pathways of NRR on the catalysts of MHCyg [(a) LiHCos; (b) NaHCys; (c) KHCy; (d)
RbHC,g; (e) CsHCyq). (f) Energy barrier of key steps under an alternating associative pathway on MHC,¢ (M = Li, Na, K, Rb, and Cs). (g)
Formation energy of NRR intermediates in the alternating associative pathway on MHCy4 catalysts.

energy barriers of the N, adsorption and the first hydro-

genation step between

the two structures were similar.

Therefore, the MH-intercalated graphene model (stage-1) is
chosen for subsequent calculation, which is more favorable for

the analysis and research of catalytic mechanisms. The
intercalation energies of different alkali metal hydrides into
the interlayer spacing of the graphene layers in Figure 2f are
lower than zero, indicating that these structures are
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Figure 3. (a) Adsorption energy of N,, the energy barrier of (b) the first hydrogenation step, (c) formation of the first free ammonia, and (d)

product of the second free ammonia on M,HCys (x = 1, 2, and 3).

thermodynamically stable. With the increase of the number of
alkali metal atoms, the intercalation energy of these catalysts
becomes more negative, suggesting that the intercalation
structure is easier to form.

3. RESULTS

3.1. Reaction Pathways in MHC, Catalysts. The
nitrogen adsorption and activation on MH-intercalated
graphene catalysts observed in previous experiments provide
the basis for the mechanism research in our work. For example,
Ertl and Thiele had studied the atomic nitrogen surface species
on industrial Fe ammonia catalysts by means of X-ray
photoelectron spectroscopy (XPS), identifying the N 1s peak
at ~400 eV on Fe as adsorbed N, or NH, species.”> When N,
is adsorbed on an MH-intercalated graphene catalyst of
KH, oC,4 a broad N 1s peak was also observed at 399.2 eV
by XPS, confirming that dinitrogen could be activated on the
surface of the KH,;C,, catalyst."” The energy barrier profiles
with the evolution of reaction intermediates in both distal and
alternating associative pathways on MH,Cy4 catalysts are
presented in Figure 2, and the optimized geometries are shown
in Figure S2. On LiHC, (Figure 2a), the adsorption energy of
N, is 0.20 eV, indicating that N, cannot be spontaneously
adsorbed on the catalyst. Due to the strong bond energy of
N=N, the first hydrogenation step shows a high energy barrier
of 1.83 eV. As the hydrogenation process proceeds, the distal
pathway shows higher energy barriers from *NNH to *NNH,
(—0.49 eV) and *NNH; (1.41 eV) than that from *NNH to
*NHNH (—1.06 eV) and *NHNH, (0.09 eV) in the
alternating pathway. On NaHCys (Figure 2b), the adsorption
energy of N, is —0.17 eV, indicating that N, can spontaneously

13448

adsorb on NaHCy, which is different from that on LiHCy.
However, compared to the rate-determining step on LiHCy, it
is relatively difficult for the rate-determining step on NaHCyq
to occur with an energy barrier of 1.93 eV. The adsorption
energy of N, on KHC,, is —0.23 eV (Figure 2c), which is
smaller than the adsorption energy of N, on LiHCys and
NaHCyg, making N, adsorption easier. The reaction barrier of
N, hydrogenation to *NNH on KHCy is 1.95 eV, slightly
higher than the energy barrier of the rate-determining step on
NaHCy4. The energy barrier of the first hydrogenation on
RbHCys and CsHCys is 1.99 and 2.0S eV (Figure 2d.e),
indicating that the formation of the first N—H bond is more
difficult. The energy barriers of key steps under alternating
associative pathway on MHC, are plotted in Figure 2f
indicating that the first hydrogenation step is the rate-
determining step for the alternating pathway. With the increase
of the radius of the alkali metal atom (Li, Na, K, Rb, Cs), the
interlayer spacing increases, reducing the confinement formed
by graphene layers, which slightly increases the energy barrier
of the rate-determining step but decreases the adsorption
energy of N,. Meanwhile, the formation energy of reaction
intermediates (NxHy) on MHCy in the alternating associative
pathway is further provided in Figure 2g, indicating that these
structures are stable to participate in further NRR (Figure S3).
Experimental studies have shown that N, activation can occur
on alkaline earth metal centers (such as Ba,RuH>* and a low-
valent Ca complex54). Therefore, we also consider the alkaline
earth elements Mg-, Ca-, and Ba-based materials in the second
main group and find that the catalytic NRR also follows the
same electron transfer rule on MH,Cys under confinement
(Figures S4—S6). The energy barrier of the first hydrogenation

https://doi.org/10.1021/acs.energyfuels.4c01071
Energy Fuels 2024, 38, 13444—13454
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Figure 4. (a) TDOS of LiHCys, NaHCy4, and KHCy. (b) PDOS of LiHCys, NaHCy4, and KHCy. (c) DOS of the N, molecule and PDOS of
LiHCys, NaHC,, and KHCy4 after N, adsorption. (d) TDOS of the N, molecule and PDOS of LiHCy;, NaHCy4, and KHC, after the first

hydrogenation step.

step is 1.89 eV (MgH,Cyq), 1.83 eV (CaH,Cy), 1.86 eV
(BaH,Cy4), which is lower than 1.95 eV (KHCys), 1.99 eV
(RbHCy), 2.05 eV (CsHC,y), indicating that the performance
of alkali metal hydride as the mediator for NRR is inferior to
that of alkali earth metal hydride.

Furthermore, the effect of the content of alkali metal atoms
in the interlayer spacing is investigated (Figure S7). It is found
in Figure 3a that with the number of alkali metal atoms ranging
from 1 to 3, the adsorption energy of N, initially decreases
before increasing, indicating a stronger interaction between
M,HCy4 and N,. The adsorption energy of N, on Li HCyq is
higher than that on NaHCy, KHCy, Rb,HCy, and
Cs,HCy, indicating that N, adsorption on LiHCy4 is more
difficult. In addition, for these M HCy¢ catalysts, the energy
barriers of the rate-determining step are decreased with
increasing the number of alkali metal atoms (Figure 4b). It
indicates that the first hydrogenation becomes more favorable
as the number of alkali metals increases. On the other hand,
the barrier for the desorption of the first free ammonia
gradually increases, signifying heightened difficulty in N—N
cleavage and desorption (Figure 3c). Finally, the barrier for the
desorption of the second free ammonia first decreases and then

13449

increases, which needs to overcome the interaction between
M-N bonds (Figure 3d). By analyzing N, adsorption energy
and the energy barrier of the NRR steps on M,HCys (x = 1, 2,
3), the catalytic performance is the best on MyHCy. Although
the energy barrier of the rate-determining step on Li, HCyq is
lower than that of other M,HC,,, the interaction between
Li,HCys and N, is weaker, making it difficult for the N,
adsorption on the LiHCys catalyst. Moreover, the energy
barrier of the first free ammonia on Li;HCy and NasHCy is
higher than other MHCy, indicating that the desorption of
product ammonia is more difficult. The different trends of the
energy barriers of the key reaction steps indicates that the
number of alkali metal atoms can affect the catalyst structures
and the adsorption configuration of the reaction intermediates,
and for simplification, the MHCy, catalysts are selected for the
following analysis of reaction mechanisms. It is worth noting
that although the NRR on M,HCy (x < 3) is considered to
follow the alternating associative mechanism, more complex
interactions between alkali metal, graphene, and reaction
intermediates can appear at higher content of alkali metal
atoms, such as the existence of side adsorption in the reaction
process, which may induce different reaction mechanisms.
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Figure 5. Differential charge density for the MHCy catalysts before N, adsorption [(a) LiHCyg; (d) NaHCyg; (g) KHCo), the MHCy4 catalysts
after N, adsorption [(b) LiHCgsN,; (e) NaHCy¢N,; (h) KHCyN,], and the MHCyj catalysts with the *N,H intermediate [(c) LIHC4(N,H; (f)
NaHCyN,H; (i) KHC4N,H], and the overall differential charge density along the z-axis (red line). The iso-surface value is 0.0009 e/Bohr>. The
blue region represents the loss of electrons, and the yellow region represents the gain of electrons.

3.2. Interaction between N, and MHC,4 Catalysts. The
total density of states (TDOS) of N, and the partial density of
states (PDOS) of catalysts and reaction intermediates are
shown in Figures 4 and S8—S12. The negative side of the
Fermi level (E — E; < 0 eV) corresponds to bonding orbitals,
while the positive side (E — E; > 0 eV) corresponds to
antibonding orbitals. The formation of weak van der Waals
bonds does not lead to visible changes in the electronic
structure of MHCy4 (Figure 4a). For the MHCyj catalysts, the
orbitals of the alkali metal (Li, Na, K) and H overlap near the
Fermi level (Figure 4b), indicating the existence of alkali metal
hydrides (MH). Differently, the s orbital of the H atom in the
LiHCy4 is distributed more uniformly on the negative side
without localized peaks, having strong delocalization of
electrons. When moving on to NaHCy and KHCy, the H
atom shows a higher peak in the s orbital on the negative side
of the Fermi level, having relatively localized electrons. The
orbitals of alkali metal and graphene-C overlap at the
antibonding orbitals, while the orbitals of H and graphene-C
orbitals overlap at the bonding orbitals, allowing the electron
transfer between alkali metal hydrides and the graphene layers.

As N, adsorbed on MHC,, (Figure 4c), we find a dispersion of
the peaks (o, 7, and 7*) of N, orbitals and a decrease of the
orbital energy, and an overlap of the orbitals of N,, alkali metal,
and graphene-C atom, which determines the interaction
between N, and MHCgy, The higher overlap between the
orbitals of N, and graphene-C on KHCy4 suggests a stronger
interaction, leading to more stable adsorption of N, on KHCyg.
The distance between the bonding orbitals and the Fermi level
shows a sequence of LiHCy4 > NaHCy4 > KHC,, the electron
filling probability in KHCy4 at the bonding orbitals higher,
making N, more easily adsorbed, and that between the
antibonding orbitals and the Fermi level shows a sequence of
LiHCy4 < NaHCys < KHCys, the electron filling probability in
KHCy at the antibonding orbitals lower, making N, harder to
hydrogenate. In Figure 4d, the dispersion of the N, orbital
shows that the interaction between N atoms and catalysts is
enhanced. Moreover, the 7* antibonding orbital of the N,
molecular orbital hybridizes with the s orbital of the *H to
form a delocalized band that extends below the Fermi level and
a new bonding orbital after the first hydrogenation step,
indicating that N atoms interact with *H to generate NRR
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process. The key process of electron transfer between graphene, alkali metal hydride, and reaction intermediates, including (c) regeneration of MH-
intercalation graphene catalyst, and (d) hydrogenation reaction of nitrogen-based intermediates.

intermediates. The results explain the lower adsorption
energies and the higher reaction barriers of N, hydrogenation
in KHCy, as illustrated in Figure 3.

3.3. Electron Transfer in MHCy4 Catalysts. The charge
state of MHCy, catalysts affects the catalytic performance of
the catalyst. We analyzed the differential charge density to
depict the electron distribution between MHCy4 catalysts and
the NRR intermediates and the electron transfer between the
intermediates and the graphene layers (Figures $13—S17). As
shown in Figure 5, the blue region represents electron-deficient
areas, and the yellow region represents electron-rich areas. The
red line indicates the variation of differential charge density
perpendicular to the graphene layer, indicating an overall
electron transfer from the alkali metal hydride toward the two
adjacent graphene layers, where positive values refer to the gain
of electrons and negative values refer to the loss of electron.
With the formation of the MHCy4 system, electrons in the
alkali metal hydride transfer from the alkali metal to the H
atom. The graphene C atoms near the alkali metal exhibit an
electron-rich state, while those near the H atom display an
electron-deficient state. Specifically, in the LiHCy4 system
(Figure Sa—c), as N, is adsorbed and the first hydrogenation
step takes place, the graphene layers change from an electron-
rich state to an electron-deficient state. The interaction
between the LiH and the reaction intermediates is more
dominant than those with the graphene layers. In the NaHCyq
system (Figure Sd—f), we find that the electron distribution is
more uniform along the z-direction compared to the LiHCgy4

13451

and KHCy4 systems, and the alkali metal hydride has the least
driving force for electron transfer and the weakest interaction
with the graphene layers. In the KHCy4 system (Figure Sg—i),
the graphene layers remain in an electron-rich state, while the
assembly of N, and KH is in an electron-deficient state,
indicating a strong interaction between KH and the graphene
layers.

We then analyzed the changes of Bader charge of the
reaction intermediates in the alternating associative pathway
on the MHCy4 catalysts of LiHCy, NaHCy, and KHCy4
(Figures 6 and S2—S6). When the system of alkali metal
hydride-intercalated graphene is formed, the alkali metal loses
electrons, and the electron transfer occurs between the
activated hydrogen and the graphene layers. The change of
Bader charge of N2 (distal) and N1 (proximal) is small (Table
S7) because there is a strong interaction between the N atoms,
and electrons are transferred and dissipated between them as
shown in Figure 5. As plotted in Figure 6, within reaction
intermediates, it exists a direct relationship between the
number of electrons gained by xN atoms (N,) and the number
of electrons lost by yH atoms (H,), indicating the formation of
an N—H bond and N atoms receive electrons from the
activated H atoms during the NRR process. N2 (distal) and
N1 (proximal) are the nitrogen atoms which are defined by the
distance from the alkali atom. For example, in the first
hydrogenation step, the Bader charge of N2 is from 0.04 lel to
0.32 lel, while the number of electrons on H is —0.42 lel on
LiHCys, which also happens on NaHC,s (N2: 0.05 lel — 0.34 |
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el, H: —0.37 lel) and KHCys (N2: —0.08 lel — 0.38 lel, H:
—0.38 lel) (Table S7). The first free NH, is formed when N—
N completely breaks, the electrons shared between N1 and N2
disappear, N1 gets electrons from the graphene layers,
maintaining the electron balance of the intermediate *NH,.
From *NH, to *NHj, N1 gets electrons from *H to form
*NHj, breaking the previous equilibrium of electron formation
from the graphene layers, and excess electrons return to the
graphene layers. It is also found that the Bader charge of H and
alkali metal in the alkali metal hydride remains unchanged, and
there exists a charge transfer between the graphene layers
(Crotar) and the reaction intermediates (N, H,) and an electron
redistribution in the intermediates (Figures 6 and S18); thus,
the alkali metal hydrides serve as the active center that remains
unchanged before and after the hydrogenation reaction. The
electron differences between Cr,,; and *N, are 0.06 lel
(LiIHCyg AEy, = 0.20 eV), 0.14 lel (NaHCyq AEy, = —0.17

eV), and 0.26 lel (KHCys, AEy, = —0.24 eV). The more

electron transfer between the graphene layers and *N,, the
lower the N, adsorption energy, making it easier for to be
absorbed. The electron differences of Cro, and the
intermediate *NNH are 0.24 lel (LiHCys, AEuyyy = 1.84
eV), 0.09 lel (NaHCys, AEiny = 1.93 eV), and 0.09 lel
(KHCy4, AEsyny = 1.96 €V). The electron transfer between
the graphene layers and the intermediate *NNH is positively
correlated with the energy barrier of the first hydrogenation
step. Therefore, selecting better alkali metal hydrides to
enhance the electron transfer between reaction intermediates
and graphene layers will promote the NRR process.

4. DISCUSSION

Based on these results, we further present a schematic
description of the NRR process in the MHCyq catalysts to
understand the hydrogenation and electron transfer (Figure
7a). The alkali metal hydride exists stably in the interlayer
spacing between the graphene layers to form an MH-
intercalated graphene catalyst. After introducing the reactants
N, and H,, N, is adsorbed on the alkali metal inside the
catalyst and the activated *H from the alkali metal hydrides
attacks the distal N atom to form the *NNH intermediate.
Simultaneously, H, is dissociated by attacking the alkali metal
to regenerate the alkali metal hydrides, which maintains the
catalytic activity of the catalyst (Figure 7b). The second
hydrogenation step occurs on the proximal N atom, and the
activated *H dissociates from the alkali metal bonds with the
proximal N atom to form the *HNNH intermediate. With the
alternating associative pathway, the activated *H attacks the
two N atoms sequentially until two NH; are generated. Figure
7¢ shows the electron transfer process in the formation of the
MHe-intercalated graphene system, where the alkali metal
provides electrons to activate the H, and graphene layers to
form the MHCyg system. The dissociated *H gives *N, the
electrons to form the N—H bond (Figure 7d), during which
excess electrons are transferred back to the alkali metal through
the graphene layers to facilitate the reaction between the alkali
metal and the external H,, thus achieving the regeneration of
the MHCyq4 catalyst.

5. CONCLUSIONS

In this work, we use DFT calculations to explore the catalytic
mechanism of NRR on MH-intercalated graphene (MHCy)
catalysts. The energy barriers and reaction pathways analysis

revealed that the NRR on these catalysts prefers the alternating
associative mechanism. The density of states confirms the
direct interaction between alkali metal hydrides and graphene
layers and between the nitrogen-based intermediate and
graphene layers, respectively. The electron properties were
analyzed through the differential charge density and the Bader
charge, which showed that the electron transfer pattern in the
NRR process is consistent among the three catalysts. The
activated *H from the dissociation of alkali metal hydrides
contributes to the hydrogenation of N,, and the graphene
layers with A-level confined spacing serve as an electron-
transfer medium between the alkali metal hydride and the
reaction intermediates, allowing for the regeneration of the
MHCy catalytic system. Our work provides microscopic
insights into the NRR process in MH-intercalated graphene
catalysts and some guidance for the design of low-cost and
environmentally friendly catalysts.
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