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Electrochemical synthesis of ammonia
represents a green and environmental-
ly friendly method distinct from tradi-
tional Harper-Bosch processes, which
demand stringent conditions. However,
identifying a catalyst with high selec-
tivity and catalytic activity to cleave
the robust triple bond of N9 remains a
formidable
present a systematic study on the geo-

challenge. Herein, we

metrical and electronic structure, intensity of N9 adsorption, reaction intermediates, change

in Gibbs free energy, and desorption of by-product hydrazine for the nitrogen reduction reac-

tion employing a MnNgraphene (z = 3, 4) catalyst from a theoretical perspective. The com-

putational results reveal that MnNgs-graphene exhibits superior catalytic performance pre-

dominantly via the distal mechanism, with a low potential of 0.49 V. Moreover, the detach-

ment of the produced NHj is facilitated with a free energy of only 0.27 eV, significantly lower

than those of previous catalysts, ensuring the exceptional durability of MnNs-graphene. This

study offers theoretical insights guiding the exploration of single Mn atom catalysts in ammo-

nia synthesis.
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I. INTRODUCTION

Ammonia serves as a pivotal chemical raw material
due to its versatile applications in the production of ni-
tric acid, chemical fertilizers, plastics, and explosives
[1-3]. Nitrogen, constituting the predominant gas
(78%) in the atmosphere, presents abundant resources
of ammonia synthesis for fertilizer production [4-7].
However, the formidable potential barrier imposed by
the N=N triple bond (945 kJ/mol) renders nitrogen
challenging to be directly harnessed [8—11].

* Author to whom correspondence should be addressed.
E-mail: lihb@mail.ustc.edu.cn

DOI: 10.1063/1674-0068 /cjcp2403036

In nature, Azotobacter has the capability to reduce
N9 to NH3 under ambient conditions. However, this
process exhibits a slow reaction rate and prolonged cy-
cles, rendering it impractical for meeting industrial de-
mands [12, 13]. Currently, over 90% of the world’s am-
monia fertilizers are produced via the Haber-Bosch
(HB) process. Nonetheless, this method necessitates
stringent conditions including high temperature and
pressure, leading to significant energy consumption and
environmental pollution [14-17]. In recent years, in-
spired by the ammonia synthesis mechanism of nitroge-
nase, electrochemical synthesis of ammonia at room
temperature and pressure has emerged as a prominent
research focus [18-20]. The electrochemical Ng reduc-
tion reaction (NRR) is a 6-electron and 6-proton pro-
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cess, involving multiple intermediates and reaction
pathways [21, 22]. It can be conducted under mild con-
ditions with low energy consumption and offers the po-
tential for increased yield by controlling reaction pa-
rameters and environmental factors [23, 24]. Conse-
quently, the design of an efficient NRR electrocatalyst
under ambient conditions presents a significant chal-
lenge [25—27].

Pure metals and transition metal nanoclusters have
been extensively utilized as catalysts in studies concern-
ing ammonia synthesis reactions [28—31]. However, the
high costs associated with precious metals and the poor
stability of molecular catalysts utilizing these metals as
reaction centers hinder their widespread adoption in
large-scale industrial applications. In recent decades,
the emergence of single-atom catalytic technology and
the discovery of novel two-dimensional materials such
as graphene, have garnered attention towards the po-
tential application prospects of graphene-based single-
metal catalysts [32—35].

Li et al proposed a novel catalyst, FeNs-embedded
graphene, demonstrating the significance of the highly
spin-polarized FeN3 center in enhancing N9 adsorption,
activating the inert N=N triple bond, and catalyzing the
conversion of N9 to ammonia [36]. Ling et al. explored
the potential of experimentally synthesized single-atom
catalysts, specifically single metal atoms (Cu, Pd, Pt,
and Mo) loaded on nitrogen-doped carbon, for Ny fixa-
tion [37]. Their predictions indicated that the Mo1-N1Cy
catalyst exhibits remarkable performance with a lower
overpotential of 0.24 V. In our previous study, based on
experimental observations, we proposed the MnN4Q@
nanotube catalyst for catalyzing NRR through the al-
ternating mechanism rather than the distal process [38].
While theoretical predictions align well with experimen-
tal measurements, doubts about the reliability of the
conclusion persist primarily due to its non-periodic
model. Conversely, Gao et al. theoretically investigated
the catalytic performances of single-atom Mn catalysts
supported by N-doped graphene substrates (Mnga@V .-
Ny, z=s, d. y=0, 1, 2, 3, 4) [39]. They asserted that
Mngpa@V¢-Nj is the most promising candidate for NRR,
due to its high catalytic activity and selectivity. Howev-
er, their conclusion may lack accuracy and rigor as only
two out of the eleven types of single-atom Mn catalysts
which were considered for the reaction calculation, and
the free energy barrier of the potential determining step
was found to be notably high (0.77 eV).
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In this study, inspired by the prior research, we stud-
ied two catalytic configurations based on graphene,
characterized by a different number of N atoms sur-
rounding the Mn atom, denoted as MnN,-graphene
(z=3, 4). We analyze their structural stability, Ny ad-
sorption capacity, energy changes during the reaction,
and associated charge variations. Our results indicate
that, compared to MnNy-graphene, MnN3s-graphene ex-
hibits superior N9 capture efficiency and catalytic activ-
ity in facilitating the NRR process, achieving an over-
potential of only 0.33 V.

Il. COMPUTATIONAL DETAILS

The interaction and exchange correlation energy be-
tween electrons and ions were characterized using the
projector augmented wave (PAW) method and the
Perdew-Burke-Ernzerhof (PBE) exchange-correlation
functional [40—43]. A cutoff energy of 500 eV for the
plane-wave basis set was employed. Spin-polarized cal-
culations were utilized for all systems [44, 45]. Addition-
ally, the DFT-D3 method was employed to describe van
der Waals interactions [46]. The convergence criterion
for the residual force was set to 0.01 eV/A and 107 eV
during structure relaxation.

To simulate the MnNs-graphene, a single Mn atom
anchored in 5x5%1 supercell graphene with a N atom
doped near the Mn atom was used. For MnNy-
graphene, we eliminated two C atoms in the center of
the surface of 5x5x1 super graphene, added a Mn in the
hole, and replaced four C atoms around Mn with N
atoms. A vacuum layer of 15 A was built to model the
catalyst surface, which was enough to avoid the interac-
tion between two periodic units. The Brillouin zone was
sampled with the Monkhorst-Pack mesh with a 5 x 5 x
1 k-point grid.

The adsorption energy (Faqs) is commonly used to
access the adsorption capability of catalyst surfaces for
reactants. The more negative the F,qg, the stronger the
adsorption of intermediates on the catalyst surface, in-
dicating greater stability of the adsorption structure,
and thus facilitating electrocatalytic reactions. The for-
mula for calculating the adsorption energy of N» is de-
fined as:

Ea(is (*N2) = E*NQ - B — EN2 (1)

where E,q5(*N2) represents the adsorption energy of Ng,
E:n,denotes the total energy of the system containing
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Ny, Ex stands for the total energy of the catalyst sur-
face, and Ey,indicates the total energy of No.

The Gibbs free energy change (AG) in electrocatalyt-
ic nitrogen reduction is calculated based on the compu-
tational hydrogen electrode (CHE) model proposed by
Norskov et al. [47, 48]. In this method, at the condition
of pH=0, T=298.15 K, pressure of 1 atm, no external
potential applied, half the free energy of hydrogen in the
gaseous state is equal to that of a proton and electron
pair. According the CHE model, AG is defined as:

AG = AE + AZPE — TAS 4+ eU + AGp  (2)

where AF is the electronic energy difference before and
after the adsorption of reaction intermediates, AZPE
represents changes in zero-point energies, and AS repre-
sents the change in entroy. AZPE and AS can be calcu-
lated using vibrational frequencies obtained from nor-
mal-mode analysis through density functional theory
(DFT) calculations. For free molecules, the entropies is
taken from the NIST database [49]. T represents the
temperature, which is set to 298.15 K in this work. e
and U denote the number of electrons transferred and
the electrode potential applied, respectively. AGpy is
the pH correction, defined as

AGpg = 2.303 x kg x T' x pH

where kg is the Boltzmann constant and the pH value is
set to zero. The overpotential (n) of the reaction is cal-
culated by:

n= Uequilibrium - Ulimiting

where Uequilibrium 15 the equilibrium potential of NRR
(=0.16 V) and Ulimiting is the limiting potential compu-
tated by Ulimiting= —A Gmax/€ (AGmax is the most posi-
tive AG, usually near the rate-determing step). All cal-
culations were performed using the Vienna ab initio
simulation package (VASP) [50, 51].

I1l. RESULTS AND DISCUSSION

A. Adsorption and activation of N2 on MnN,-graphene

Initially, we constructed two ideal theoretical mod-
els: MnNy-graphene and MnNs-graphene. In the former,
double vacancy substitution was implemented, where
the surrounding four carbon atoms were replaced by ni-
trogen, and the two middle carbon atoms were substi-
tuted by a single manganese atom. In contrast, for the
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latter, single vacancy substitution was employed,
wherein the three surrounding carbon atoms were sub-
stituted by nitrogen, and only one manganese atom re-
placed the central carbon atom.

The distinct substitution strategies resulted in no-
table differences between the two optimized substrates.
As illustrated in FIG. 1 (a) and (d), MnNy-graphene
maintains a planar structure overall. In contrast, MnN3s-
graphene exhibits a clearly elevated central substitu-
tion region compared to the surrounding carbon surface.
This observation is consistent with the literature’s de-
piction of FeNj structure [36]. Additionally, the dis-
tance between manganese and nitrogen (Mn—N) is sig-
nificantly reduced (Ad=0.12A) in MnNjs-graphene
compared to MnNy-graphene.

Next, our focus shifts to the selectivity of No adsorp-
tion, as it plays a crucial role in the cleavage of the N=N
triple bond and subsequent NRR reactions. In our
study, the MnN,, (z=4, 3) site serves as a prominent re-
active center in both theoretical models, and Ny pre-
dominantly exhibits two adsorption patterns on the sin-
gle atom Mn catalyst: end-on and side-on [37, 52]. We
investigated the feasibility of these two adsorption pat-
terns on the theoretical models. For MnNy-graphene, as
depicted in FIG. 1 (b) and (c), despite numerous at-
tempts, optimization efforts consistently yielded only
the end-on adsorption pattern. Conversely, in MnNs-
graphene, as shown in FIG. 1 (e) and (f), both adsorp-
tion patterns were found to coexist stably.

From FIG. 1, it is evident that in the end-on pattern,
the Mn—N bond length increased on both substrates,
particularly pronounced for MnNgs-graphene, where it
increased from 1.79 A to 1.94 A. The N=N bond length
and the newly formed Mn—N bond length absorbed on
the two substrates are very similar. The primary dis-
tinction lies in the orientation of N9 adsorption: on the
MnNy-graphene surface, No is mnearly vertically ad-
sorbed, whereas on MnNj3-graphene, it forms an angle of
approximately 46° with the surface. In the side-on pat-
tern, the Mn—N bond length on MnNj3-graphene in-
creased from 1.79 A to 2.03 A, and the bond length be-
tween the Mn atom and the absorbed Ny exceeded 2 A.
However, for MnNy-graphene, only one nitrogen atom
formed a 2.26 A Mn—N bond with manganese, while the
other nitrogen atom remained unbound, unable to form
a standard side-on structure.

Regarding adsorption energy, the calculated values
for the end-on and side-on patterns on MnNy-graphene
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FIG. 1 Top and side views of structures of (a) MnNy-graphene model. MnNy-graphene with No adsorption through (b)
end-on and (c) side-on patterns. (d) MnNs-graphene model. MnNs-graphene with Ny adsorption through (e) end-on and (f)
side-on patterns. Gray, blue, pink, and purple balls represent the C, adsorbed N, doped N, and Mn atoms, respectively.

are —0.13 and —0.17 eV, respectively. However, for
MnNj3-graphene, due to the greater structural changes
before and after No absorption, the adsorption energies
for these two patterns increased to —1.32 and —1.41 eV,
respectively. The adsorption effects of both of them are
very close, with a numerical difference of only 0.09 eV.
These differences in bond length, adsorption pattern,
and binding energy further suggest that MnNs-
graphene may serve as a more favorable theoretical
model compared to the MnNy-graphene model em-
ployed in previous study [34].

FIG. 2 illustrates the projected density of states
(PDOS) diagrams corresponding to the two substrates
and different N9 adsorption patterns. From FIG. 2 (a)
and (d), it is evident that a strong interaction exists be-
tween the Mn and N atoms near the Fermi level in both
substrates. Additionally, the Fermi level crossing the
density of states (DOS) indicates that both substrates
possess semiconductor properties. Upon No adsorption,
a significant interaction between the N-2p (in adsorbed
N3) and Mn-3d orbitals at the Fermi level is observed
for the MnNgs-graphene model, whereas for the MnNy-
graphene model, this interaction is much weaker.

We further calculated the charge density electron lo-
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cal function (ELF) and the electron density difference
maps corresponding to the two different No adsorption
models on different substrates. FIG. 3(a)—(d) illustrate
the ELF of Ny adsorption in different patterns. It is ob-
served that after No adsorption, regardless of the ad-
sorption mode, the highest degree of electron localiza-
tion is concentrated on the N atom far away from the
surface. This concentration benefits the subsequent hy-
drogenation reaction, as the hydrogen atom is more in-
clined to react with this N atom. The differential charge
reflects the electron transfer before and after No adsorp-
tion. As shown in FIG. 3(e)—(g) for the MnNy-graphene
structure, electrons mainly gather on the Mn atom and
four N atoms. In the end-on pattern, electrons are trans-
ferred from the MnNy group to the adsorbed N group,
and some electrons also aggregate between Mn and N
atoms. In the side-on pattern, electrons are also present
on the N atoms, but the far distance between No and
the substrate is not conducive to the next reaction step.
From FIG. 3(h)—(j) for the MnN3-graphene structure,
electrons are mainly concentrated on the Mn atom and
three N atoms. In the end-on pattern, electrons are
transferred from MnNj3 to No, but there are almost no
electrons on the Mn atom at this time. In the side-on

© 2025 Chinese Physical Society
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FIG. 2 PDOS for (a) MnNy-graphene. PDOS of MnNy-graphene with adsorption of Ng through (b) end-on and (c) side-on
patterns. PDOS for (d) MnNgz-graphene. PDOS of MnN3-graphene with adsorption of Ng through (e) end-on and (f) side-on

patterns.

FIG. 3 ELF of MnNy-graphene after adsorption of Ng
through (a) end-on and (b) side-on patterns. ELF of MnN3-
graphene after adsorption of Ny through (c) end-on and
(d) side-on patterns. Electron density difference of (e)
MnNy-graphene model and the absorption of No on MnNy-
graphene through (f) end-on and (g) side-on patterns.
Electron density difference of (h) MnNs-graphene model
and the absorption of Ny on MnNs-graphene through (i)
end-on and (j) side-on patterns. The isosurface value is set
to be 0.003 e/A3.

pattern, electrons transfer to the two N atoms, result-

ing in an increase in charge density, laying the founda-
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tion for the next reaction step.

The calculations of the Bader charge transfer in the
N adsorption process also support our previous analy-
sis. For the MnNy-graphene structure, the end-on ad-
sorption pattern results in a charge transfer of 0.32 e to
the N2 molecules. Conversely, for the MnN3-graphene
structure, both the end-on and side-on patterns lead to
a higher charge transfer of 0.34 e and 0.52 e to the Ny
molecule, respectively.

B. Reaction mechanism and Gibbs free energy diagram

Based on the structure, properties, and No adsorp-
tion energy differences of the two constructed models,
we selected the MnNgs-graphene model for the N9 reduc-
tion to NHgs reaction due to its higher potential. Gener-
ally, for the two different N9 adsorption patterns, there
are two possible catalytic pathways for each pattern:
the distal and alternating mechanisms correspond to
the end-on pattern, while the consecutive and enzymat-
ic mechanisms correspond to the side-on pattern. In
both the distal and consecutive mechanisms, the proton-
electron pairs initially attack the N atom in the Ng
molecule that is the farthest from the surface and ex-
hibits the highest degree of electron localization, result-
ing in the formation of NH3. Subsequently, the remain-

© 2025 Chinese Physical Society
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FIG. 4 Gibbs free energy diagrams for Ny reduction on MnNs-graphene with end-on adsorption mode by the (a) distal
and (b) alternating mechanisms at different applied potentials, as well as (c) the corresponding structures of the reaction
intermediates. Gray, blue, pink and purple balls represent the C, adsorbed N, doped N, and Mn atoms, respectively.

ing N atom is attacked to form another NH3 molecule.
On the other hand, in the alternating and enzymatic
mechanisms, the proton-electron pairs sequentially at-
tack these two N atoms until NHs is finally desorbed.
FIG. 4 illustrates the distal and alternating reactive
mechanisms, along with the geometrical structures of
the reaction intermediates, under the end-on adsorp-
tion mode on the MnNs-graphene substrate. The pro-
cess involves the adsorption and hydrogenation of Ng in
the first two steps to form *NoH, followed by the hydro-
genation of NHs to NH3 and the desorption of the sub-
strate in the last two steps. These steps remain consis-
tent across both mechanisms, with the only variation
occurring in the middle three steps. Due to the strong
adsorption capacity of the substrate (as shown in
FIG. 1(e)), the Gibbs free energy change before and af-
ter the first step of Ng adsorption is significant
(-0.81 ¢V), indicating that the MnNs-graphene sub-
strate efficiently captures No. The second step involves
the hydrogenation of *Ns to *NoH, which is an en-
dothermic process requiring energy consumption, with a
change in free energy of 0.49 eV. This step serves as the
rate-determining step for both reaction mechanisms,
and the energy change is notably smaller than the val-
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ue (0.77 eV) reported in the previous literature based on
Mnga@V¢-Ny [39]. The calculated overpotential value is
0.33 V, considerably lower than that of most metal cat-
alysts (greater than 0.50 V) [53]. This low overpotential
demonstrates the excellent catalytic performance of the
MnN3-graphene substrate in NRR.

FIG. 5 illustrates the NRR free energy diagram and
the corresponding geometry of reaction intermediates
for Ng reduction in the side-on mode on the MnNj3-
graphene substrate. The free energy change of Ny ad-
sorption at the first step remains highly negative
(-1.00 eV), even lower than that in the end-on mode,
ensuring effective capture of No and activation of the
N=N triple bond. However, in the subsequent step, the
free energy change for the hydrogenation of adsorbed
Ny to NoH is approximately 0.68 eV for both mecha-
nisms, significantly higher than the corresponding val-
ue (0.49 eV) of the end-on mode. This step also serves as
the rate-determining step for both conservative and en-
zymatic mechanisms. Despite the smaller change in free
energy at this step compared to previous result (0.77
eV) [39], the calculated overpotential is 0.52 V. Al-
though the side-on mode on MnNjs-graphene exhibits
slightly better performance than the single-atom Mn

© 2025 Chinese Physical Society
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FIG. 5 Gibbs free energy diagrams for No reduction on MnN3s-graphene with side-on adsorption mode by (a) consecutive
and (b) enzymatic mechanisms at different applied potentials, as well as (c) the corresponding structures of the reaction in-
termediates. Gray, blue, pink and purple balls represent the C, adsorbed N, doped N and Mn atoms, respectively.

catalyst in previous literature [39], it is less efficient
compared to the end-on mode.

We also computed the NRR reaction free energy dia-
grams corresponding to the end-on mode on the MnNy-
graphene substrate. As depicted in FIG. S1 (Supple-
mentary materials, SM), it is evident that the adsorp-
tion of Ng in the first step is an endothermic reaction,
requiring 0.38 eV of energy consumption. In the subse-
quent step, which also serves as the rate-determining
step, the free energy barrier for the hydrogenation of N9
to NaoH is notably high at 0.84 eV, even exceeding the
previous results. The calculated overpotential is 0.68 V,
further underscoring the limited catalytic efficacy of
this configuration.

Overall, compared to MnNy-graphene and the previ-
ously recommended Mnga@V¢-N7 in the literature, the
low overpotential and high reactivity of the MnNs-
graphene model position it as a more ideal single-atom
Mn catalyst for NRR [39].

In addition to possessing excellent electrochemical
activity, an ideal catalyst should also exhibit high selec-
tivity towards the NRR reaction. Competitive hydro-
gen evolution reaction (HER) reactions often occur dur-
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ing the NRR reaction, thus, an ideal NRR catalyst must
not only demonstrate high NRR activity but also effec-
tively suppress HER. The first step of the NRR reac-
tion involves the adsorption of No on the catalyst sur-
face. In the presence of competitive HER reactions, H
atoms adsorb onto the catalyst surface, occupying the
active sites and hindering N9 adsorption, thereby affect-
ing the efficiency of the NRR reaction. Therefore, we
evaluated the competition between NRR and HER by
computing the values of Fyqs(*H) and E,qs(*N3). For
with  high NRR
Eaq5(*N2) < Eaq5(*H), Ny adsorption is more favorable
for the NRR process, whereas when FEuq5(*Ng)>
E,q5(*H), HER is favored. The formula for calculating
the adsorption energy (Eaqs(*H)) of H atom on the Mn-

catalysts selectivity, = when

N graphene surface is provided in the footnote of Ta-
ble S1 (SM). Upon calculation, we found that for MnNy-
graphene, FE,q5(*N2) < Eyq5(*H), for MnNg3-
graphene, FE,q4(*Ng)<FEaqs(*H). This indicates that
both MnN4-graphene and MnNs-graphene can effective-

while

ly suppress competitive HER and exhibit outstanding
catalytic activity towards NRR.
The exceptional performance of metal single-atom

© 2025 Chinese Physical Society
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FIG. 6 (a) Changes of N—-N bond length in the four reaction mechanisms. (b) Comparison of the adsorption energy of Mn-
N,-graphene (2=1, 2, 3). (c) Division of three parts in the intermediate product. (d) Bader charge variation in the distal

mechanism.

NRR catalysts is not only closely tied to the No adsorp-
tion energy and the free energy barrier at the rate-de-
termining step, but also determined by the potential
changes in intermediates and the difficulty of NH3 des-
orption. Among the various reaction pathways based on
the MnNj3-graphene model, two reactions potentially in-
volve NoHy desorption: *NHoNHo =* +NsoH, in the al-
ternating mechanism and *NHs*NHsy=* +NoHy in the
enzymatic mechanism. In Table S2, we computed the
changes in free energy and adsorption energy under
these two modes. From the adsorption energy data
(=1.92 and —3.57 V), it is evident that in both modes,
N9Hy can strongly adsorb onto the substrate Mn single
atom, making desorption into hydrazine NoH, at room
temperature implausible.

In Table S3 (SM), we conducted calculations on the
free energy changes of the two NHgz desorption process-
es generated during the four types of reaction pathways.
In most cases, desorption of the first NHs molecule oc-
curs readily, particularly in the distal mechanism,
where its free energy change during desorption is only
0.27 eV. This value is considerably lower than that re-
ported in the literature [39], underscoring its stability
and durability, and suggesting it as the predominant re-

action pathway. Additionally, in the end-on mode, de-
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spite the strong adsorption energy (1.32 eV), the free
energy change associated with NHg desorption on MnN3-
graphene is very low, indicating the ease of NHs desorp-
tion under these conditions. Consequently, the MnN3-
graphene model is highly likely to serve as an NRR cat-
alyst with excellent stability.

To provide robust support for future experimental
investigations, we conducted further analyses on the
significant effects of changes in the N-N bond length
from adsorption to activation and fracture, alterations
in coordination environments, and variations in charge
distribution throughout different stages of the reaction
process on single Mn atom catalysts. In FIG. 6(a), we
analyzed the N-N bond length changes across four reac-
tion pathways. It is observed that during the transition
from the gaseous state of Ng (step 1) to gradual hydro-
genation, the bond length exhibits a linear increase, re-
sembling previous NRR calculations [37]. This suggests
a stable equilibrium between adsorption energy and ac-
tivation energy. Notably, due to differences in the order
of NH3 desorption, the dissociative and conservative
mechanisms entail NH3 desorption in the fifth step,
whereas in the other two mechanisms, this occurs in the
seventh step. In FIG. 6(b), we investigated variations in
adsorption energy under different coordination environ-

ments to assess catalytic properties. It is evident that

© 2025 Chinese Physical Society


https://doi.org/10.1063/1674-0068/cjcp2403036
https://doi.org/10.1063/1674-0068/cjcp2403036
https://doi.org/10.1063/1674-0068/cjcp2403036
https://doi.org/10.1063/1674-0068/cjcp2403036
https://doi.org/10.1063/1674-0068/cjcp2403036

Chin. J. Chem. Phys., Vol. 38, No. 2

reducing the number of N atoms coordinated with the
Mn atom leads to a significant decrease in N9 adsorp-
tion energy in the initial reaction step, which is unfavor-
able for further reaction progression. Consequently, the
MnN3 configuration within the reaction center demon-
strates significantly superior performance compared to
MnN{Cs and MnN9Cy configurations.

To further elucidate the exceptional performance of
the MnNs-graphene model, we conducted a detailed
analysis of the Bader charge transfer throughout the re-
action process. In FIG. 6(c), we segmented the model
into three distinct parts: part 1 comprises the graphene
substrate, part 2 represents the potential reaction cen-
ter MnN3, and part 3 consists of the N H, molecule.
FIG. 6(d) illustrates the charge transfer among these
three components under the distal mechanism, with
similar trends observed in other mechanisms as depict-
ed in FIG. S2 (SM). In most scenarios, from the adsorp-
tion of N» to the gradual addition of H atoms, the MnN3
component exhibits minimal change, primarily serving
as a conduit for charge transfer between the graphene
substrate and the reactant molecules. This observation
further underscores the stability of the catalytic center.

IV. CONCLUSION

In summary, we have systematically studied two
graphene-based single-atom MnNgraphene (z=3, 4)
catalysts for nitrogen reduction reaction from first-prin-
ciples calculations. MnNj3-graphene exhibits excellent
catalytic performance via the distal mechanism with a
predicted low potential of 0.49 V, which is much lower
than previous literature based on Mnga@V Ny, mak-
ing the NRR reaction easily occur at ambient condi-
tions. More importantly, free energy change in the des-
orption of NHj is only 0.27 eV, ensuring the rapid re-
moval of the produced NH3 and the stability and dura-
bility of MnNj-graphene. The coordination effect also
indicated that single Mn atom coordinated by three N
atoms (MnN3) in the active center possesses superior
performance compared to MnNy MnN;Co or MnNoCq
models.

Supplementary materials: Gibbs free energy diagrams
for NRR on MnNy-graphene model, the Eyqs(*H) and
Faqs(*N2) for MnNy-graphene and MnNjs-graphene,
Gibbs free energy changes for desorption of NoH4 and
NHj3 on MnN3s-graphene model, the Bader charge varia-
tion in different mechanisms and the thermodynamic
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parameters of related small gas molecules are available.
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