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ABSTRACT

Electrochemical nitrogen reduction reaction (eNRR) is one of the most important chemical reactions for the production of
ammonia under ambient environment. However, the lack of in-depth understanding of the structure-activity relationship impedes
the development of high-performance catalysts for ammonia production. Herein, the density functional theory (DFT) calculations
are performed to reveal the structure—activity relationship for the single-atom catalysts (SACs) supported on g-CsN,, which is
modified by molecular groups (i.e., H, O, and OH). The computational results demonstrate that the W-based SACs are beneficial
to produce ammonia with a low limiting potential (U,). Particularly, the W-OH@g-C3N, catalyst exhibits an ultralow U, of -0.22 V
for eNRR. And the competitive eNRR selectivity can be identified by the dominant *N, adsorption free energy than that of *H. Our
findings provide a theoretical basis for the synthesis of efficient catalysts to produce ammonia.
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1 Introduction

Ammonia (NH;) represents an important chemical product for
human life, and it is widely used in fertilizer, dye, explosives and so
on [1-3]. Undisputedly, the Haber-Bosch approach has the
leading status for industrial synthesis of ammonia under harsh
conditions, which operates at high temperature (350-550 °C) and
pressure (150-350 atm) [4, 5]. This process consumes 2% of global
energy and carries 300 million tons of CO, emissions per year.
Thus, there is an urgent need to to develop sustainable and eco-
friendly synthesis technology under ambient conditions to replace
the Haber-Bosch approach. Currently, electrochemical synthesis
of ammonia has been considered as a promising alternative to the
Haber-Bosch  approach  [5-11].  Electrochemical nitrogen
reduction reaction (eNRR) can be carried out by using the easily
accessible raw materials of proton source from low-cost aqueous
electrolytes and N, gas from the atmosphere. However, the eNRR
at present suffers from low activity and selectivity due to the
intrinsic inactive N=N bond, in which the ultra-high bond energy
of 941 kJ/mol need to be broken [12-16]. Therefore, it is feasible

to design and screen efficient catalysts to boost the ammonia
yields and Faraday efficiency.

Transition metal single-atom catalysts (TM-SACs) have
attracted great attention due to their maximized atom utilization
efficiency and outstanding catalytic performance [17-28]. Lots of
experimental and theoretical studies have demonstrated that TM-
SACs exhibit ultra-high eNRR performance [29-31]. For example,
Chen et al. reported that single Mo atom supported by a defective
BN monolayer (Mo-BN) exhibits ultra-high catalytic activity for
eNRR through an enzymatic mechanism with an overpotential of
0.19 V [32]. Their theoretical results showed that the selective
stabilization of *N,H species and/or destabilizing *NH, species are
beneficial to produce NH;. Qiao et al. found that the nitrogen
adatom adsorption energy can be a descriptor for the description
of the intrinsic activity trends [33]. And the bonding and/or
antibonding orbital population regulates the nitrogen adatom
adsorption energy. Yang et al. demonstrated that the TM-SACs of
Mo,/N;-G and Cr)/N;-G exhibit outstanding eNRR performance
[34]. Their theoretical results identified that the catalytic activity
(overpotential) and selectivity on Mo,/N;-G and Cr;/N;-G are
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0.34 V (40%) and 0.59 V (100%), respectively. As mentioned
above, the eNRR catalytic activity and selectivity on TM-SACs can
be tailored by modifying the coordination conditions of TMs.

Recently, the solvent effect has attracted wide attention to tailor
the catalytic activity and selectivity of electrocatalytic reactions
such as hydrogen evolution reaction (HER), oxygen reduction
reaction (ORR), and carbon dioxide reduction reaction (CO,RR)
[35-42]. In quantum chemistry field, the solvation effects are
generally addressed with explicit, implicit, and mixed
implicit/explicit solvent modeling [43, 44]. And the explicit solvent
molecules cause the polarization effect and/or synergistic effect
during the electrocatalytic reactions. For example, Flaherty et al.
found that water and methanol co-catalyze ORR by promoting
proton—electron transfer [45]. Their experimental and theoretical
results indicated that the adsorbed O, molecules can efficiently
obtain protons and electrons from resolved methanol molecules
on palladium surfaces to produce hydrogen peroxide. At the same
time, water oxidizes hydrogen to release hydroxonium ions and
electrons to facilitate ORR. Cheng et al. used quantum mechanics
molecular dynamics calculations with explicit solvation modeling
to analyze the water/Pt(100) interface [36]. Their results predicted
that a negative applied voltage could promote the hydrogen
binding. And from pH = 0.2 to pH = 12.8, the hydrogen binding
is increased by 0.13 eV. Zhao et al. developed an advanced first-
principles model to reveal the solid-water interface reaction [37].
They found that the proton affinity to the former/later O in
*~0-OH leads to the selectivity dependence on external potential
and pH value. The ORR selectivity on single cobalt atom catalyst
can be enhanced by decreasing the potential to improve proton
adsorption to the former O. However, the proton prefers the latter
O at the carbon catalyst in acid condition, leading to poor H,0,
performance. These findings demonstrate that solvent
environment is critical to interfacial reactions.

Herein, we first introduce the molecular groups, including H,
O, and OH, to simulate the solvent environment for eNRR
processes. By means of the density functional theory (DFT)
calculations, we systematically studied 80 TMs doped in the
substrate of g-C;N,, which possesses uniformly distributed holes
and provides abundant nitrogen coordination numbers, leading to
the advantage for trapping metal atoms in the ligands [46-48], for
eNRR, respectively. The calculational results demonstrated that
the catalytic activity and selectivity for the production of ammonia
can be modified by introducing the molecular groups. Particularly,
W@g-C;N, modified by the molecular group of OH (W-OH@g-
C;N,) exhibits ultralow limiting potential of —0.22 V, suggesting
the appropriate reaction environment in alkaline solution for the
production of ammonia.

2 Calculation details

All computations for geometric optimization were implemented
by means of spin polarized DFT using the Vienna ab initio
simulation package (VASP) [49]. And the related geometries were
built by Device Studio program [50], which provided a number of
functions for performing visualization, modeling, and simulation.
The Perdew-Burke-Ernzerhof (PBE) functional type generalized
gradient approximation (GGA) were treated to describe the
exchange—correlation interactions between molecule and surface,
and the ionic cores were described using the projected augmented
wave (PAW) [51, 52]. The van der Waals (vdW) interactions were
computed by applying the empirical correction in Grimme’s
scheme (DFT+D3) [53]. The cut-off energy was set of 520 eV for
the plane-wave basis set, and the convergence criteria for the
energy and force were set to 10~° eV and 0.02 eV/A, respectively.
To minimize interlayer interactions, the vacuum space was set of
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20 A in the z-direction. The g-C;N, adopted a 2 x 2 x 1 supercell.
For structural optimizations, a I centered 2 x 2 X 1
Monkhorst-Pack k-point sampling was used in the Brillouin zone.
Bader charge population analysis was conducted to illustrate
atomic charge transfer quantitively in different systems.

Based on the computational hydrogen electrode (CHE) model,
the Gibbs free energy change (AG) of each elementary step was
defined as

AG = AE+ AZPE —TAS —eU

in which AE denotes the energy obtained from the DFT
calculations, AZPE and AS are the correction of zero-point energy
and entropy, respectively (summarized in Table S1 in the
Electronic Supplementary Material (ESM)), and T represents
room temperature (298.15 K). The effect of applied electrode
potential is contained by the correction of AU. e and U are the
number of electrons transferred and the applied electrode
potential, respectively. Since limiting potential can correlate well
with experimental activities for a variety of reductive and oxidative
reactions involving proton transfer, we also calculated the limiting
potential for the eNRR according to the following equation: Uy =
—AGpps, where AGppg is the free energy change of the potential
determine step in the NRR.

3 Results and discussion

We first introduce the common g-C;N, as the providential
molecular scaffold to trap single metal atom (Fig. 1(a)). To reveal
the synergistic effect between molecular groups and TMs, the
regular solvent molecules (ie., H, O, and OH) are taken into
account, as shown in Fig. 1(b). We systematically studied 20 TMs
binding in g-C;N, substrate to reveal the relationship between
catalyst structures and catalytic activity and selectivity on eNRR
(Fig. 1(c)).

Theoretical results reveal that the TMs exhibit different
coordination number with g-C;N,, suggesting the various electron
structure of SACs. It can be seen that the relationship of
coordination number between TMs and g-C;N, is connected with
periodic table of elements. For example, from II B to VII B, there
are mainly six coordination numbers between TMs and g-C;N,.
But four coordination numbers between TMs and g-C;N, play a
leading role in VIII B. Additionally, the coordination number can
be regulated by introducing molecular groups (ie, H, O, and
OH), as illustrated in Table S2 in the ESM. For instance, the
coordination number between W and g-C;N, is six, but the
coordination number is replaced by three after introducing O
group. The eNRR activity is related to the coordination number of
the catalysts. Generally, there are three pathways for eNRR,
including distal, alternating, and enzymatic pathways. The
previous theoretical results demonstrated that the distal pathway is
the preferred reaction mechanism on the TM@g-C;N, catalyst for
eNRR. Thus, we explore the eNRR catalytic activity and selectivity
on SACs under the distal pathway.

To first evaluate the intrinsic catalytic activity of these SACs, the
limiting potential is taken into account. Figure 2 summarizes the
negative values of limiting potential for all the 80 SACs, including
pristine TM@g-C;N,, TM-H@g-C;N,, TM-O@g-C;N,, and TM-
OH@g-C;N, (detailed data are shown in Table S3 in the ESM).
For the pristine TM@g-C;N,;, the theoretical results demonstrate
that the W@g-C;N, model has proved to be the optimal catalyst
for eNRR with an ultralow limiting potential of —0.52 V, which is
in line with previous results [33,54]. We find that the limiting
potentials of these catalysts are less than —1.00 V, including Ti@g-
CN, (-0.70 V), V@g-C,N, (-0.78 V), Zr@g-C,N, (—0.81 V),
Nb@g-C;N, (-0.82 V), Mo@g-C;N, (-0.85 V), Ta@g-C;N, (-0.87
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Figure 1 Transition metal single atom catalysts for electrochemical nitrogen reduction reaction. (a) Atomic model of transition metal atom loads on g-C;N, substrate
(TM@g-C;N,). (b) TM@g-C;N, modified by molecular groups, including of H, O, and OH. (c) Metals, highlighted with a blue background, are considered as the

candidates. The numbers in circles represent the coordination number of TMs.
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Figure2 Negative values of limiting potential of electrochemical nitrogen reduction reaction on SACs. The rate-determining steps of candidates are mostly from *N,

to *N,H, except for Nb (pristine: *NH, to *NH,), Rh (pristine: *NNH, to *NNHS,), Ta (pristine: *NH, to *NHS,), and Zr (pristine: *NHNH, to *NH,NH,), respectively.

V), Ru@g-C;N, (-0.90 V), and Cr@g-C;N, (—-0.96 V). However,

the intrinsic electron structure of TM

is changed by the

introduced molecular groups of H, O, and OH, leading to the
adjustable catalytic activity and selectivity. By introducing the H
group, the activity of most catalysts decreases at different levels.
For example, the limiting potential on W-H@g-C;N, catalyst
increases by —0.07 V than that of W@g-C;N,. After binding a H
group on the Ru@g-C;N, model, the limiting potential increases
by —0.85 V. And an ultrahigh limiting potential can be seen in the
Au-H@g-C;N, catalyst (-3.79 V), suggesting the poor catalytic
activity for the production of ammonia. On the contrary, by
means of H group, the limiting potential of the Co@g-C;N,, Ni@g-
CN,, Ag@g-C;N, and Ta@g-C;N, decreased by —0.12, —0.77,

—0.04 and —0.16 V, respectively.
As can be seen from Fig. 2, the limiting

potential can also be

decreased by introducing the O group. W-O@g-C;N, catalyst
exhibits a lower limiting potential of —0.49 V for eNRR, followed
by Mo-O@g-C;N, (-0.72 V), Fe-O@g-C;N, (-1.39 V), and Ag-
O@g-C;N, (-2.01 V), respectively. As for the introduction of OH
group, the catalytic activities of these catalysts are significantly
improved, including W-OH@g-C;N,, Ta-OH@g-C;N,, Nb-
OH@g-C;N,, Mo-OH@g-C;N,, and Fe-OH@g-C;N,. It is worth
noting that W-OH@g-C;N, shows the lowest limiting potential of

-0.22 V, suggesting the optimal catalyst for the production of
ammonia. In addition, both Ta-OH@g-C;N, and Mo-OH@g-
C;N, exhibit good catalytic activity with a limiting potential of
—-0.65 V for eNRR. In general, it is proposed that the W-based
SACs can be the potential catalysts for the production of ammonia
under various solvent environments (ie., acidic, alkaline, and
neutral solution).

To further understand the reaction mechanism, the free energy
diagrams on the W-based SACs, including W@g-C;N,, W-H@g-
C;N, and W-OH@g-C;N,, are plotted in Fig. 3 (other 79 SACs are
summarized in the ESM, from Figs. S1 to Fig. S39 in the ESM).
Here, the distal mechanism is taken into account for eNRR, in
which six proton/electron pairs attack the end and bottom
nitrogen atom one by one. It is clear that the intermediates from
the distal mechanism are *NNH, *NNH,, *NNHj, *N, *NH, and
*NH,, respectively. Fig. 3(a) shows the reaction pathway for eNRR
on the W@g-C;N, catalyst. Usually, N, adsorption is the first step
during eNRR process. The N, adsorption process is exothermal
with a value of 1.97 eV, suggesting a strong interaction between N,
and substrate. But the subsequently first hydrogenation process
from *NN to *NNH is endothermic with a value of 0.52 eV, which
is the rate-determining step (RDS) for eNRR on W@g-C;N,.
From *NNH; to *N, the first ammonia is released with an
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Figure3 Reaction free energies and optimized geometries on (a) W@g-C;N,, (b) W-H@g-C;N,, () W-O@g-C;N,, and (d) W-OH@g-C;N,.

exothermal of 0.67 eV. And the release of second ammonia is
from *NH, to *NH, in which the reaction free energy is
endothermic of 0.44 eV. By introducing the H group (W-H@g-
C;N,) (Fig. 3(b)), the N, adsorption energy is reduced by 1.12 eV
(from W@g-C;N, to W-H@g-C;N,). Although the RDS remains
the same (from *NN to *NNH), the energy barrier is increased by
0.07 eV. In contrast, the RDS value is decreased by 0.03 eV by
introducing the O group (Fig. 3(c)). It is worth noting that the
RDS value is only 0.22 eV by introducing the OH group (Fig.
3(d)), which is the optimal catalyst for the production of
ammonia. Indeed, these calculation results demonstrate that the
alkaline solution is the suitable solvent for eNRR on W-based
SACs.

It is worth noting that the relationship between the variational
N-N bond length and its Bader charge during the eNRR. Indeed,
the stretching of the N-N bond represents the activation process
of nitrogen. Fig. 4(a)-4(d) show that as the hydrogenation process
occurs, the N-N bond length is obviously stretched (summarized
in Tables S4 and S5 in the ESM). Meanwhile, the Bader charge
increases dramatically, suggesting the existed reduction reaction
process. Moreover, the more Bader charge is obtained, the higher
activation degree of nitrogen. For example, the N, molecule
adsorption on W-OH@g-C;N, can obtain 0.39 |e| with the N-N
bond length stretches to 1.15 A (1.10 A for relaxing N, molecule).
After hydrogenation to form *NNH species, the N-N bond length
stretches to 1.24 A, and the intermediate of *NNH obtains 1.13e|,
suggesting the ultrahigh N-N bond activation of N, molecule,
leading to the optimal activity of W-OH®@g-C;N, for production
of ammonia.

As can be seen in Fig. 5, in addition, the variation of Bader
charges from *NN to *NNH (Syn_ani) can serve as a descriptor to
reveal the catalytic activity for eNRR. The linear relation between
Oxnennu and limiting potential (Up) demonstrates that the more
variation of Bader charges for intermediates, the smaller U; for
eNRR.

It is well known that HER is one of the critical side reactions, in
which the proton/electron pairs are consumed and lead to low
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Figure4 (a)-(d) Computed N-N bond length dy and corresponding Bader
charge variation (8) of the intermediates of *NN and *NNH on various TM@g-
C;N, SACs, where pristine, *H, *O, and *OH stands for clean, H modified, O
modified, and OH modified TM@g-C;N, SACs, respectively.

@ Springer | www.editorialmanager.com/nare/default.asp



Nano Res. 2022, 15(10): 96639669
(@ o0
-1

2 [

U (v)

" Pristine
08 -06. 04 -02
O (NN-NNH)

-0 Modified  gAU
06 04 -02
(NN=NNH)

0.0

9667

-H Modified \L
S 04 02
6(NN—NNH)

—OH Modified
s 06, 04
(NN=NNH)

202
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Faraday efficiency (FE). To further reveal the eNRR selectivity, the
competitive adsorption free energies for *H and *N, are taken into
account. As shown in Fig. 6, the catalysts located above the black
line represent optimum eNRR selectivity. For the pristine TM@g-
C;N; catalysts, only these catalysts exhibit stronger *H adsorption
energies than that of *N,, including Ru@g-C;N,, Rh@g-C;N,, and
Au@g-C;N,, leading to low FE. After introducing H group, almost
all the catalysts tend to the production of ammonia, except Ni-
H@g-C;N,, suggesting the acidic solution is more favorable for
enhancing FE. But for TM-O@g-C;N,, these catalysts, including
W-O@g-C;N,, Ru-O@g-C;N,, Mo-O@g-C;N,, Co-O@g-C;N,,
Rh-O@g-C;N,, and Pt-O@g-C;N,, are beneficial to release H,. As
for the TM-OH@g-C;N, catalysts, only Pt-OH@g-C;N, is
nondominant for eNRR, leading to low FE. It is clear that the W-
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based SACs, except for the W-O@g-C;N, catalyst, are competitive
to release ammonia with higher N, adsorption free energy than
that of *H, leading to a higher FE. Thus, the W-OH@g-C;N,
catalyst can be as a candidate for ammonia production.

4 Conclusions

In summary, we have systematically studied 80 SACs for eNRR,
including TM@g-C;N,, TM-H@g-C;N,, TM-O@g-C;N,, and TM-
OH@g-C;N,. The calculation results reveal that the eNRR activity
and selectivity on the TM@g-C;N, catalysts can be modified by
introducing molecular groups (i.e., H, O, and OH). Accordingly,
these catalysts, including Fe, Nb, Ta, Mo, and W-based catalysts,
exhibit favorable catalytic activity for the production of ammonia
by introducing molecular groups. And the W-based SACs have

(b) 3

AG. (eV)

aNi
I-IIER dominapt

0
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Figure6 (a)-(d) Calculated adsorption free energies of *H and *N, on SACs. SACs above the black line represent the dominant eNRR.
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proved to be optimal catalyst for eNRR to produce ammonia. In
particular, the W-OH@g-C;N, catalyst shows an ultralow limiting
potential of —0.22 V, suggesting its outstanding catalytic activity
for the ammonia production. Moreover, the results demonstrate
that the N, adsorption free energy on W-OH@g-C;N, is higher
than that of hydrogen, suggesting the acceptable selectivity for
ammonia production.
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