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Abstract : [Objective] The significance of NH; extends beyond its role in fertilizers to potential applications as a clean, renewable
fuel or hydrogen carrier. Given its high energy density and efficient storage properties, NH; is seen as a promising alternative to
traditional fuels, especially given its zero carbon emissions. The current Haber-Bosch process, although efficient, requires extreme
conditions (15— 35 MPa and 450 — 600 ‘C) to overcome the high bond energy (941 kJ/mol) and non-polar nature of the N=N bond.
Transitioning to a process that operates under milder conditions using renewable hydrogen (green hydrogen) is vital for achieving
low or zero carbon emissions. This approach emphasized the importance of theoretical exploration in enhancing the properties of
confined catalytic systems. By optimizing the dual-end on sites within these confined environments, it was possible to achieve more
robust and efficient catalysts. [ Methods] Density functional theory (DFT) calculations were performed with the Vienna ab initio
simulation package (VASP). The BEEF-vdW functional, which facilitates a nuanced depiction of the energetic equilibrium between
molecular and intermolecular,as well as solid and surface chemical bonding, was used to describe the exchange-correlation contributions to
electronic energy. A seven-layer slab model with a (3X3) supercell was used to simulate the (111) or (0001) surface of face-centered
cubic or hexagonal close-packed metals. Bimetallic systems were posited to be able to deviate from the Brgnsted-Evans-Polanyi (BEP)

correlation, thereby attaining enhanced catalytic performance. The confined space between Rus/M (M= Co, Ni, Cu, Pd, Pt, Ag)
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bimetallic systems, with a vacuum layer of 4. 5 A, was analyzed to evaluate the effects on N, dissociation and subsequent
hydrogenation. [ Results] Within the confined systems, the bimetallic catalysts with dual-end active sites followed a dissociative
mechanism for ammonia synthesis. The synergistic effects of combining two metals led to novel electronic and geometric
configurations absent in their monometallic counterparts. Thermodynamically, the reaction proved to be endothermic or weakly
exothermic when M represented Co,Ni,and Cu (with reaction energy A, FE ranging from —0. 12 ¢V to 0. 57 V), whereas it became
strongly exothermic when M stood for Pd,Pt,and Ag (A, E ranging from —0. 75 eV to —0. 85 eV). A pivotal discovery revealed that
the lattice length of the bimetallic systems played a significant role in the adsorption of N atoms. Notably, during nitrogen activation,
the lattice lengths of the substrate metals closely correlated with the N—N bond lengths in both the transition state and the final
product. Furthermore, systems like Rus/Co (0001), Rus/Ni(111), and Rus/Cu(111), characterized by shorter lattice lengths,
exhibited stronger N; adsorption and slightly higher or comparable energy barriers for N, dissociation (0. 42 - 0. 63 ¢V) compared to
Ru(0001). Conversely, systems with longer lattice lengths like Rus /Pd(111), Rus /Pt(111),and Rus/Ag(111) showed weaker N,
adsorption but lower energy barriers for dissociation (0. 22 = 0. 38 V). The process of nitrogen species hydrogenation leading to NH;
formation involved multiple steps. Notably, the transition from N/NH to N/NH, emerged as the rate-determining step. The energy
barriers for this crucial step were significantly influenced by the lattice length of the bimetallic systems. For instance, the Rus/
Ni(111) system showed a rate-determining energy barrier of 1. 12 eV,lower than the 1. 34 eV for Ru(0001). When the Ni lattice was
compressed by 2%, the barrier further reduced to 1. 05 eV, demonstrating the potential of optimizing lattice constants to enhance
catalytic performance. [Conclusion] This theoretical study revealed that the Rus/M(M=Co, Ni, Cu, Pd, Pt, Ag) bimetallic confined
systems offer promising routes for efficient ammonia synthesis under mild conditions. The balance between N, dissociation and
hydrogenation barriers is a key factor in the design of efficient catalysts for ammonia synthesis. By adjusting the lattice constants and
bimetallic combinations,the catalytic activity can be significantly enhanced, surpassing traditional Ru-based catalysts. Specifically, the
Rug /Ni(111) system with a compressed lattice stands out, offering the lowest energy barriers for the rate-determining steps in
ammonia synthesis. These findings paved the way for future experimental validation and the development of high-performance
catalysts for sustainable ammonia production.
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Fig. 1 Surface active sites of different ammonia synthesis catalysts
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Fig. 2 Mechanism for ammonia synthesis in Rus /M bimetallic confined systems
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Fig. 4 Energy barriers for ammonia synthesis in bimetallic confined systems

3 & it

ABIFEI FH % 7 PR BRI RGE %45 T Rus/ M(M=
Co,Ni,Cu,Pd, Pt, Ag) X4 g B8k 2 8] P9 A B S5
NS AR, FEEBUR .

1) Rus/M X4 & FRIA R o M—M K R
b B B Ru BIFE O 08 JUART / HL 2544, 28 17 9
3 4% 28 I T A 1) W B i 0 RN R fig

2) N ff B 5 N R0 B B 16 AH G . 1/ N/NH 9
FRINES N 70 AR A G, BEIS B0, X T Rus/
M R4 Bk AR 2R L Fee P ) N 2 B A 1 91 T g 7
(0. 0840.50) eV. 2%-Rus /Ni(111) i N J&5F W it g
TE S IE AR XA L

3) Rug/Ni(111) Jz i iof 7% Y 3 4% 20 BR e 22
1.12 eV & T4l RuC0001) i i3 FEAE£2 (1. 34 V).
HE—24 Ni (908 5 BUE SR 290, sl A IR AE 22 1T LU
P& ZE 1. 05 eV.

S E 3K :

[1] CHEN ] G, CROOKS R M, SEEFELDT L C, et al.
Beyond fossil fuel-driven nitrogen transformations [ J].
Science, 2018,360(6391) : eaar6611.

[2] SALMON N, BANARES-ALCANTARA R. Green ammonia
as a spatial energy vector: a review [ J ]. Sustainable
Energy & Fuels,2021,5(11) :2814-2839.

[3] WIJAYANTA A T, ODA T, PURNOMO C W, et al.

Liquid hydrogen, methylcyclohexane, and ammonia as



XIFTFT4 . Rus /M(M=Co, Ni, Cu, Pd, Pt, Ag) ¥4 J& PRI R 25 45 LA 1k RE ) B8 )

o 127 -

[4]

[6]

7]

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

potential hydrogen storage: comparison review [ ] .
International Journal of Hydrogen Energy,2019,44(29):
15026-15044.

CHRISTENSEN C H, JOHANNESSEN T, SORENSEN
R Z. et al. Towards an ammonia-mediated hydrogen
economy? [ ] ]. Catalysis Today, 2006, 111 (1/2); 140-
144.

VALERA-MEDINA A, XIAO H, OWEN-JONES M, et
al. Ammonia for power [ J]. Progress in Energy and
Combustion Science,2018,69:63-102.

ZAMFIRESCU C, DINCER 1. Ammonia as a green fuel
and hydrogen source for vehicular applications[ ]J]. Fuel
Processing Technology.2009,90(5) :729-737.
SCHLAPBACH L, ZUTTEL
materials for mobile applications [ ] ]. Nature, 2001, 414
(6861):353-358.

NAYAK-LUKE R M, BANARES-ALCANTARA R.

Techno-economic viability of islanded green ammonia as a

A. Hydrogen-storage

carbon-free energy vector and as a substitute for
conventional production [ J]. Energy & Environmental
Science,2020,13(9) :2957-2966.
WANG Q R, GUO ] P, CHEN P. Recent progress
towards mild-condition ammonia synthesis[ ]J]. Journal of
Energy Chemistry,2019,36:25-36.
JIA H P, QUADRELLI E A. Mechanistic aspects of
dinitrogen cleavage and hydrogenation to produce
ammonia in catalysis and organometallic chemistry:
relevance of metal hydride bonds and dihydrogen[ ] ].
Chem Soc Rev,2014,43(2) :547-564.
LIU H Z. Ammonia synthesis catalyst 100 years: practice,
enlightenment and challenge [ J]. Chinese Journal of
Catalysis,2014,35(10) : 1619-1640.
JIANG L L, FU X Z. An ammonia-hydrogen energy
opportunity  and
challenges in Chinal J]. Engineering, 2021,7(12) : 1688-
1691.
SMITH C, HILL A K, TORRENTE-MURCIANO L.

Current and future role of Haber-Bosch ammonia in a

roadmap for carbon neutrality:

carbon-free energy landscapel ] . Energy &. Environmental
Science,2020,13(2) :331-344.

MEDFORD A J, VOJVODIC A, HUMMELSHQ] J S,
et al. From the Sabatier principle to a predictive theory
of transition-metal heterogeneous catalysis[ ] ]. Journal
of Catalysis,2015,328:36-42.

BLIGAARD T, NORSKOV ] K, DAHL S, et al. The

Bronsted-Evans-Polanyi relation and the volcano curve in

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

heterogenecous catalysis[ J]. Journal of Catalysis, 2004,
224(1):206-217.

LIU D X,ZHAO W, YUAN Q H. Breaking the linear
relation in the dissociation of nitrogen on iron surfaces
[J]. ChemPhysChem,2022,23(17) :e202200147.

NOSIR M A, MARTIN-GONDRE L, BOCAN G A, et
al. Adsorption dynamics of molecular nitrogen at an
Fe(111) surface[ J]. Phys Chem Chem Phys, 2017, 19
(10) :7370-7379.

HONKALA K., HELLMAN A, REMEDIAKIS T N, et
al. Ammonia synthesis from first-principles calculations
[J1. Science, 2005,307(5709) : 555-558.

WANG Q R,PAN J,GUO ] P,et al. Ternary ruthenium
complex hydrides for ammonia synthesis via the associative
mechanism[ ] ]. Nature Catalysis,2021,4(11):959-967.
YE T N,PARK SW,LU Y F,et al. Vacancy-enabled N,
activation for ammonia synthesis on an Ni-loaded
catalyst[ ] ]. Nature,2020,583(7816) :391-395.

WANG T, ABILD-PEDERSEN F. Achieving industrial
ammonia synthesis rates at near-ambient conditions
through modified scaling relations on a confined dual site
[J]. Proc Natl Acad Sci USA, 2021, 118 (30):
€2106527118.

LIU C L, XU G M, WANG T. Theoretical approach
toward a mild condition Haber-Bosch process on the
zeolite catalyst with confined dual active sites[ J]. JACS
Au,2023,3(12):3374-3380.

CHEN Z Y.ZHANG P. Electronic structure of single-
atom alloys and its impact on the catalytic activities ] ].
ACS Omega,2022,7(2):1585-1594.

KRESSE G, FURTHMULLER J. Efficient iterative
schemes for ab initio total-energy calculations using a
plane-wave basis set[ ] ]. Phys Rev B Condens Matter,
1996,54(16):11169-11186.

KRESSE G,FURTHMULLER J. Efficiency of ab-initio
total energy calculations for metals and semiconductors
using a plane-wave basis set[ ] ]. Computational Materials
Science,1996,6(1) :15-50.

KRESSE G, JOUBERT D. From ultrasoft pseudopo-
tentials to the projector augmented-wave method[ ] ].
Physical Review B,1999,59(3):1758-1775.
WELLENDORFF J, LUNDGAARD K T, MQGELHQ]
A, et al. Density functionals for surface science: exchange-
correlation model development with Bayesian error
estimation [ ] ]. Physical Review B, 2012, 85 (23):
235149.

[F#% 136 7|



+ 136 -

TR 24 CHARFRE RO

2025 4F

[26]

[27]

[28]

[29]

[30]

Hydrogen Energy,2012,37(16):11969-11974.

ZHOU D, ZHANG L L, LIU X Y, et al. Tuning the
coordination environment of single-atom catalyst M-N-C
towards selective hydrogenation of functionalized
nitroarenes| ] |. Nano Research,2022,15(1):519-527.
YANG J,LIU W G,XU M Q, et al. Dynamic behavior of
single-atom catalysts in electrocatalysis: identification of
Cu-Nj as an active site for the oxygen reduction reaction
[J]. Journal of the American Chemical Society,2021,143
(36):14530-14539.

FEI H L,DONG ] C,FENG Y X, et al. General synthesis
and definitive structural identification of MN, C, single-
atom catalysts with tunable electrocatalytic activities
[J]. Nature Catalysis,2018,1(1) :63-72.
MARSHALL-ROTH T, LIBRETTO N J, WROBEL A
T,et al. A pyridinic Fe-N, macrocycle models the active
sites in Fe/N-doped carbon electrocatalysts[ ] ]. Nature
Communications, 2020, 11(1) : 5283.

ZHAO H Y, XIANG J Q. SUN Z Y, et al. Electro-

reduction of nitrite to ammonia over a cobalt single-atom

(L% 127 7]

[28]

[29]

[30]

[31]

[32]

[33]

ROMAN-PEREZ G, SOLER J M. Efficient implementation
of a van der Waals density functional: application to double-
wall carbon nanotubes| ] ]. Physical Review Letters, 2009,
103(9) :096102.

ASGEIRSSON V,BIRGISSON B O, BJORNSSON R, et
al. Nudged elastic band method for molecular reactions
using energy-weighted springs combined with eigenvector
following[ J 1. Journal of Chemical Theory and Computation,
2021,17(8):4929-4945.

HENKELMAN G, JONSSON H. Improved tangent
estimate in the nudged elastic band method for finding
minimum energy paths and saddle points [ J]. The
Journal of Chemical Physics,2000,113(22):9978-9985.
HORIUTT I, POLANYI M. Exchange reactions of hydrogen
on metallic catalysts[ ]J]. Transactions of the Faraday
Society,1934,30:1164-1172.

HAMMER B,NQ@RSKOV ] K. Electronic factors deter-
mining the reactivity of metal surfaces [ J]. Surface
Science,1995,343(3):211-220.

NG BT 5K VE. HL7E Niu Pd 5 Cua 28 101 B i 25 W% ot

[31]

[32]

[33]

[34]

[35]

[34]

[35]

[36]

[37]

[38]

catalyst[ ] ]. ACS Sustainable Chemistry &. Engineering,
2024,12:2783-2789.

ZHANG X, WANG Y T, WANG Y B, et al. Recent
advances reduction [ ] .
Chemical Communications,2022,58(17) ;2777-2778.
WAN X,LIU X F,LIY C,et al. Fe-N-C electrocatalyst

with dense active sites and efficient mass transport for

in electrocatalytic nitrite

high-performance proton exchange membrane fuel cells
[J]. Nature Catalysis,2019,2:259-268.

HE B L,LV P,WU D H,et al. Confinement catalysis of
a single atomic vacancy assisted by aliovalent ion doping
enabled efficient NO electroreduction to NH; [ ] .
Journal of Materials Chemistry A, 2022, 10 (36):
18690-18700.

BEEMER MR, 229048, 45, 0T RS R 76 /N F
WAL R R IIELT ) R flesr, 2020, 35(7) :88-94.
WANG F Z. ZHAO H Y, ZHANG G K, et al
Electroreduction of nitrite to ammonia over Ni; Ru single-
atom alloys[ J]. Advanced Functional Materials, 2024, 34
(3):2308072.

(=2 4% . 8 AL 4

(1. YrFE#4] . 1995,44(11) : 1805-1813,

HAMMER B, NORSKOV ] K. Theoretical surface
science and catalysis: calculations and concepts[ M] //
Advances in catalysis. Amsterdam: Elsevier, 2000; 71-
129.

ZHANG Y N, LI S, SUN C, et al. Understanding and
modifying the scaling relations for ammonia synthesis on
dilute metal alloys: from single-atom alloys to dimer
alloys[ ] ]. ACS Catalysis,2022,12(15):9201-9212.
SAIDI W A, SHADID W, VESER G. Optimization of
high-entropy alloy catalyst for ammonia decomposition
and ammonia synthesis[ J]. Journal of Physical Chemistry
Letters,2021,12(21) :5185-5192.

LUO M C, GUO 8 ]. Strain-controlled electrocatalysis
on multimetallic nanomaterials [ J ]. Nature Reviews
Materials, 2017,2(11) : 17059.

WANG H T, XU S C, TSAI C, et al. Direct and conti-
nuous strain control of catalysts with tunable battery
electrode materials [ ] ]. Science, 2016, 354 (6315):
1031-1036.

(AL % 3% . 35 AL



