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ABSTRACT

Nitrogen reduction reaction (NRR) plays an important role in chemical industry, so it is
significant to develop low-cost and efficient electrocatalysts for nitrogen fixation instead of
traditional Haber-Bosch process. In this paper, the electrocatalytic performance of various
single-atom doped on two dimensional metal diborides with B vacancy for N> reduction to
ammonia is calculated and predicted. By screening numerous catalysts, we find that Ti@VB: is
the most active catalyst for NRR, and the limiting potential of Ti@VB, for NRR is -0.61 V,
which is far less than that of Ru (0001) step surface (-0.98 V). In addition, by comparing the
change of free energy required for HER and NRR, it is proved that Ti@VB, has high NRR
selectivity. Through high-throughput search and LASSO regression, an integrated descriptor
combining the intrinsic properties of the single transition metal atom (TM) and the substrate
(MB) is proposed, which can fit the relationship between intrinsic properties of catalysts and
NRR activity well. Therefore, this study not only discovers a promising electrocatalyst for

nitrogen fixation, but also provides a strategy for predicting the activity of catalysts.
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As one of the basic elements in amino acids, nitrogen plays a significant role in organisms.!'”
Ammonia NHj3 is the most important product during the nitrogen reduction reaction and plays an
important role in agriculture,® chemical industry and energy field. In industry, the main process
of N> fixation is still Haber-Bosch process. That is, the mixture of N> and H; is reduced to NH3
with the assistance of catalysts at high temperature and high pressure. The whole reaction is

N,(g) +3H,(g) — 2NH;(g) (1)

which is an exothermic reaction.” During the Haber-Bosch process, due to the strong force of the
N=N triple bond, it needs to consume lots of energy to activate and weaken the N=N bond and
would produce much greenhouse gas, which is not friendly to the environment.®!° Although
researchers have improved the process for decades, the conversion efficiency of this reaction is
only about 15%.!"" To solve this problem, many scientists turned the focus to the study of
electrocatalytic nitrogen fixation. Compared with Haber-Bosch process, electrocatalytic
reduction of N> has many advantages:1) the reaction can take place under the mild condition,'? '3
2) the reaction rate, yield and selectivity are increased,'* 3) being beneficial to the environment.
At present, researchers have studied, developed and utilized many NRR electrocatalysts, and
most of them are metal-based catalysts, such as Ru, Pt, Ag, Mo, Rh and so on.'>"°

Up to now, most studies have focused on design of new electrocatalysts to enhance the
catalytic performance of the reaction, especially for the reduction of overpotential and
improvement of Faraday efficiency. In recent years, many works have been reported on the
experiments that single transition metal atoms were doped on different catalytic substrates, such
as Fe-graphene,> Mo-BN,* Fe-TiO»,2° FeMoN,,?! and TiN4-graphene.??> The empty orbitals
coexist with occupied d orbitals in transition metals, leading to their excellent catalytic

performance. At the same time, they can accept the long-pair electrons of N>, and supply



electrons to the antibonding orbital of N> to further activate N=N bond.?* As reported before, the
overpotential for N> reduction reaction on Ti@N4 was found to be -0.69 eV by Choi et al. using
theoretical studies.??> Therefore, the combination of transition metal single-atom and two-
dimensional materials has significant catalytic effects on many catalytic reactions.

Recently, 2D boron-based materials has achieved great efficiency in catalytic fields. Ru-
atom-embedded on boron monolayer catalyst was proposed by Sun et al. for electrocatalytic
nitrogen fixation at ambient condition, which shows good activity compared with Ru (0001)
catalysts.”* Moreover, to solve the problem of the electron deficiency of boron, Zhang et al.
designed a new two dimensional single-layer of FeB, by theoretical calculation. It was also
found that there is a Dirac point in FeB>, which is mainly formed by hybridization of the d
orbital of Fe and the p orbital of B.?> This method has also been applied to design and simulate
many other two-dimensional metal borides, such as MgB»2° BeB»?’ and TiB,?® which exhibits
superior electronic properties. Similarly, it would be feasible to synthesize single atom supported
on two-dimensional metal-diborides (MB.) easily in the experiment. However, studies about
their performance in catalytic energy fields are very rare. In this work, the best catalytic activity
of NRR (Ti@VBz) was screened out from 45 single atom doped MB: structures by DFT
calculations, and its limiting potential is -0.61 V.

However, specific guidelines are less sufficient during the process of designing high-
performance catalysts in experiments. Therefore, how to extract a descriptor to characterize the
catalytic activity of catalyst materials is of great significance. Most recently, the descriptors of
some common electrocatalytic reactions were reported in theoretical calculations. For example,
Calle-Vallejo et al. proposed the coordination number (CN) as an effective descriptor for Pt-

based catalysts to describe ORR activity.?” Hammer et al. proved that d-band center (g4) can be



used as a descriptor for the chemisorption of CO, on metal surface.’® For particular system like
O-terminated MXenes, the number of electron O gains (N.) was proposed to evaluate the HER
performance.®' More recently, Jiang and his coworkers proved that the electronic dipole moment
is a good descriptor to predict the interaction between the catalyst and surface molecule.*? Jiang
and his coworkers also predicted surface-enhanced Raman spectroscopy (SERS) by using the
random forest machine learning method.*? Jung and his coworkers proposed about 20000 data set
of alloy catalysts for CO, reduction by using the neural network machine learning method.*
More significantly, with the rapid development of machine learning, some research
achievements have been achieved in the prediction of materials.>>*” We can use known data
about catalysts calculated by first principle calculations to predict the catalytic performance of
more systems with machine learning techniques. After investigating the relationship between the
free energy and one single variable for multiple linear fittings, we found that there is no linear
relationship between the individual variables and the free energy, so we used the method of
LASSO fitting (The Least Absolute Shrinkage and Selection Operator).*® Through LASSO, a
series of combined variables are sparse estimated, the variables are filtered, and the duplicate and
invalid variables are deleted.’® Finally, the LASSO fits the best regression and the descriptor
called LASSO fitting expression is abbreviated as EL. This descriptor combines the intrinsic
properties of the single atom (TM) and the substrate (MB.). Therefore, combining with LASSO
regression and high-throughput screening, we have predicted the NRR catalytic performance

with different single atoms supported on a variety of metal diborides.
RESULTS AND DISSCUSION

We have selected several common structures from the fourth period in the periodic table of

elements, which can form stable two-dimensional metal diborides with layered structures, they



are ScB», TiB2, VB, and FeB,. In addition, MoB: layered compounds have been proven to have
good catalytic activity in experiments and theoretical calculations,*® and it has also been
considered as a catalyst for N> reduction in this study. Therefore, five metal diborides with two-
dimensional layered structure were selected in this work, namely ScB», TiB>, VB2, MoB; and
FeB,. Their optimized structures were shown in Figure 1. The metal atoms are located in the
middle and lower part of the boron ring. This is consistent with the results reported recently,?

which proved that FeB> can exist stably at temperatures below 1000 K.
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Figure 1. Optimized structures of two dimensional MB,. (a) ScB», (b) TiB2, (c) VB2, (d) MoB,,

(e) FeB2. The metal atoms are located in the middle and lower part of the boron ring.

Because the distance between B layer and metal layer is very close, which indicates that the

interaction force between metal atom and B is stronger in single layer. In order to further study



the effect of the strong interaction between metal atom and B on the charge transfer of Sc, Ti, V,
Mo, Fe and B, we calculated the Bader charge of these single layer structures. As shown in Table
S1, each metal atom loses its electrons with positive charge, and B atom accepts electrons with
negative charge. This phenomenon leads to the migration of electron to the boron layer
framework, and is beneficial to the stability of these metal diborides. We also calculated the
formation energy to confirm the interaction force between metal atom and B. We computed the
formation energy by AE= (E(MB2)-E(M)-2E(B))/3, the formation energy is defined as the energy
difference per unit cell between the monolayer MB:> and isolated atoms. E(MB:2) means the
energy of unit cell of monolayer MB,, E(M) and E(B) represent the energy of metal atom M and
B. Then we calculated the formation energy of each single layer, which is -0.23 eV/atom, -0.45
eV/atom, -0.42 eV/atom and -0.18 eV/atom for VB,, TiB2, ScB, and MoB: respectively. These
results suggest that these monolayers are strongly bonded networks. About the structure of
monolayer FeBo, it was confirmed that the monolayer has strong interaction between metal atom
Fe and B by calculating the cohesive energy.? Therefore, we can confirm that these five single
layer structures have strong interaction between metal atom and B. In addition, the B layer is
electron-rich, which is important in the reductive catalytic reaction. Recently, MoS, nanosheet
with S vacancy was found that the S defect site can be used as a new active center for supporting
and doping metal atoms.*' Besides, Co@MoS, and Mo@MoS, were proven to be a promising
NRR catalyst calculated by DFT calculations.*> 4> 4Therefore, in this work we studied the single
transition metal atom supported on the B defective site of MB> single layer, which would be used
for NRR. Nine common transition metals in the fourth period of the periodic table were selected
as doped atoms at B defective site. Due to the magnetic and electronic properties of the d-orbital

of the transition metal, we used the GGA + U calculation method for the adsorbed single metal



atom and the metal of the substrate.*> ¢ The structure diagram of TM@MB: can be shown in
Figure S1.

It is noteworthy that the adsorption of N> on the active center of catalysts is the first step in
nitrogen fixation reaction and has a key role in the following hydrogenation reduction routes.*’
Therefore, two possible nitrogen adsorption configurations were considered in the calculations,
1.e. side-on and end-on configurations (see Figure S2). In this calculation, we also consider the
reaction site for doping metal atom in the metal layer or the B layer (see Figure S3). Finally, we
proved that the transition metal doped in the B layer with the end-on adsorption configuration is
more stable than the other adsorption configurations (detailed information is Figure S3).

It has been reported that the free energy change of NNH* formation from N>*
hydrogenation (N2* + H" — N,H*) in the electrocatalytic reduction of NRR by Nerskov and his
coworkers, which is regarded as the judgment step to preliminarily judge the performance of the
whole NRR pathway.*® Hence, before simulating the complete NRR routes on the single-atom
catalysts, we should calculate the AG of NNH* formation in order to search for the most
promising candidate for nitrogen electroreduction and the results were shown in Figure 2. It was
known that the free energy change of NNH* formation from N>* hydrogenation (N>* + H" —
N2H*) on Ru (0001) stepped surface was about 0.98 eV, which is the lowest one among bulk
metal catalysts and was provided as the reference (the black line shown in Figure 2).4”> 4 Our
results showed that ScB»-based and TiB>-based single-atom catalysts exhibit the worst catalytic
activity, and the change of free energy in the first step of hydrogenation are all larger than 0.98
eV. However, the system of Ti@VB: exhibits the best N> activation performance and the change
of free energy in the first step for N> hydrogenation on Ti@VB: is only 0.61 eV, whose value is

much lower than the value of the free energy change on Ru (0001) surface.
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Figure 2. The change of free energy in the first step of N2 hydrogenation reaction (N»* + H* —
N2H*) on various single metal atoms supported on two dimensional B-defective metal diborides,
which is regarded as the judgment step of the whole NRR reaction. The maximum free energy
change for NRR on the Ru (0001) stepped surface was provided as a reference. The values

corresponding to various colors are shown on the right ruler.

Based on the change of free energy in the first step of hydrogenation, Ti@VB: has been
proven to be the most promising candidate for NRR catalysis as shown in Figure 2. For further
studying the catalytic performance of Ti@VB: for NRR, we simulated three possible NRR
catalytic pathways on Ti single atom doped on VB>, namely alternating mechanism, distal
mechanism and enzymatic mechanism (as shown in Scheme S1).> We optimized all the
adsorption configurations in the reaction process according to the different paths mentioned

above, and obtained the zero-point energy and the free energy by calculating the frequencies.



The corresponding structures of the three reaction routes and the paths of free energy change of
reactions were shown in Figure 3a-3c. In the alternating route (see Figure 3a), hydrogenation
takes place preferentially on alternating N each step to form NH3s, respectively. In the first step of
hydrogenation, and the change of reaction free energy is 0.61 eV, showing a slightly upward
slope. In the next steps, H" continues to attack the intermediates until NH3 is formed. Among
these steps it can be found that from the second step, there is a downward energy change trend,
which also makes the subsequent reaction easier. From Figure 3a we can find that N>
hydrogenation to NoH* is the rate-determining step of the whole reaction in the alternating
pathway, with the highest AG = 0.61 eV.

In the routes of distal (see Figure 3b) and enzymatic (see Figure 3c) mechanisms,
hydrogenation takes place alternately between the two N atoms. In the path of distal mechanism
and enzymatic mechanism, the rate-determining step of free energy change in nitrogen fixation
reaction is the same as that of alternating pathway, which occurs in the first step of N>
hydrogenation, and AG = 0.61 eV for distal mechanism, while AG =1.07 eV for the enzymatic
mechanism due to different approach of N> adsorption.

Therefore, under the reversible hydrogen electrode (RHE), the limiting potential of
Ti@VB: for NRR catalytic reaction is -0.61 V, that is, a potential of -0.61 V is needed to ensure
that every step of NRR catalyzed by Ti@VB: can occur, and the distal and alternating
mechanisms may both occur among three mechanisms. Compared with the reported NRR
catalyzed by Ru (0001) surface, the limiting potential required by Ti@VB: is about half of the
potential required by Ru (-0.98 V).*> About the stability of VBa, in the experiment, VB> bulk has
been proven to have high thermal stability at 1410 K in air.® For two-dimensional VB3, we

performed AIMD simulations at different temperatures and phonon dispersion stability
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calculations as shown in Figure S4 (detail information as shown in SI). Then we considered the

stability of Ti@VB2. We calculated the binding energy of Ti@VB: which is -1.26 eV, from the

value of binding energy we can find that the doping structure of Ti@VB: is also stable. About

the method of binding energy computation, we used the following formula, Epinding= Eti@vs2-

EvacancyvB2- ETi. Ebinding represents the binding energy of Ti@VB:, Eti@vs2 represents the energy of

Ti@VB2, Evacancy represents the energy of VB, with B vacancy, and Erj represents the energy of

single metal atom Ti.
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Figure 3. Three possible free energy diagrams and corresponding structure diagrams of N>
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It is well known that HER 1is the main competitive reaction in electrocatalytic nitrogen
fixation reaction, which seriously affects the efficiency of nitrogen reduction. Herein, we used
the free energy change of the first step as the descriptor to judge the selectivity of HER and NRR
on Ti@VB; catalyst as shown in Figure S5 (detailed information as shown in SI).

To further understand the catalytic performance of Ti@VB; catalyst, the Bader charges for
all the intermediate states in the alternating route (shown in Figure S6a) and distal route (shown
in Figure S6b) were calculated (detailed information as shown in SI). We analyzed the charge
density difference of the end-on adsorption configuration of N>. As shown in Figure 4, it is
obvious that charge depletion and accumulation take place between N> and Ti atom. Because of
the existence of long pair electrons in N», it would donate electrons when it binds to Ti atom.
Meanwhile, Ti atom also gives electrons to the anti-bonding orbital of N> with the enhancement
of the N-TM bond. This phenomenon is consistent with the ‘acceptance-donation’ process,'>>!" 32

which will activate N> and make the breakage of N=N bond easier. These phenomena can be

explained by the schematic diagram (Figure S7).!>3!

a b
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Figure 4. The main view (top) and the side view (bottom) of the charge density difference of N>

adsorbed on Ti@VB,, (a) the positive and (b) negative charges are shown in yellow and cyan.

Based on density functional theory, the catalytic performance of N> reduction reaction on
five different metal diborides supported with nine different single atoms was studied, and we
finally found that Ti@VB: has the highest NRR catalytic activity. In order to further study the
relationship between catalysts and catalytic activity, we hope to extract a descriptor that can
characterize the catalytic activity based on the data obtained, which will be beneficial to predict
the catalytic activity of more similar systems. As reported before, we have known that the
intrinsic properties, such as atomic composition, electronegativity, and valence electron numbers
which can be derived from the periodic table, play a leading role in catalytic performance
prediction.>* >* In this work, the system we are studying is TM@MB:, so we need to consider the
properties of single metal atoms and the substrates comprehensively.

In this article, we used the atomic number, valence electron number, electronegativity,
radius (A), relative atomic mass, ionization potential-1%, ionization potential-2", electron affinity
(eV) as the atomic intrinsic properties, and used the length of absorbed metal and the atom of N
(A), sine value of the angle between three atoms (the atom B, absorbed metal and the atom N) as
the system intrinsic properties. Then we set these properties as the input, the AG for No* + H" —
NoH* as the output. In order to find the relationship between the energy and the intrinsic
properties of catalysts, we want to find linear relationship to describe the intuitive relationship.
There are many shrinkage methods such as ridge regression, and LASSO regression. LASSO

regression (least absolute shrinkage and selection operator regression) can find descriptors and fit
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the linear relationship for small data sets.’® In this article, we chose the method of LASSO
regression in MATLAB to fit the linear relationship.

From the descriptor mentioned above, we have known that the intrinsic properties of
catalysts are of great significance on the activity of NRR. To predict the activity performance for
more similar systems, we tried to use LASSO regression technology in Matlab to establish a
suitable model.? The closer R? is to 1, the better the fitting effect. After entering these variables

as mentioned before, we got the result of the descriptor, which is EL(/, 8, Z) = (L + sin8)? *

/Zabsz — Zz*, and [ means the bond length of N_TM, sin # means the sin value of the angle

TM_ N _B (As for the selection of atom B, we chose the atom B closest to TM atom along the Y-
axis in a spatial coordinate system), detailed structure information are shown in Figure 5.
Z.ps means the atomic number of absorbed metal and Zz means the atomic number of boron
atom. From this descriptor, we find the relationship between the AG of No*+ H*—N,H* for
these five systems and the intrinsic properties. We find that the relationship is y = 0.01x - 0.15,

and R%is 0.81.
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Figure 5. The relationship between the descriptor EL(/, 8, Z) = (I + sin §)? fZabSZ — Zz* and

AG of the reaction of No*+H"—N,H*.

SUMMARY AND CONCLUSIONS

In summary, we attempted to apply two-dimensional metal diborides for N> reduction
catalysis. Various single-atom supported on different metal diborides was systematically studied
for NRR electrocatalysis. The results of DFT calculations showed that Ti@VB: nanosheet has
high NRR catalytic performance, and its Gibbs free energy change of rate-determining step is
-0.61 V, which is lower than that of Ru (0001) stepped surface. Moreover, it was proved that

Ti@VB: has better NRR selectivity than HER. In addition, an integrated descriptor EL(/, 8, Z) =

(I + sin9)? = ’Zabsz — Zz* to describe the catalytic performance of single-atom supported on

MB: was proposed by LASSO approach. Our study offers an efficient strategy for predicting the

activity of catalysts for further screening of highly efficient catalysts.
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