
Vol:.(1234567890)

Catalysis Letters (2023) 153:1916–1931
https://doi.org/10.1007/s10562-022-04106-z

1 3

Theoretical Study on the Efficient Electrocatalytic  N2 Reduction 
Reaction of Bimetallic Single Atom Embedded in Phthalocyanine

Lingxiao Jiao1  · Ling Guo1

Received: 26 April 2022 / Accepted: 2 July 2022 / Published online: 5 September 2022 
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2022

Abstract
Electrocatalytic nitrogen reduction is a new method of ammonia synthesis instead of Haber–Bosch process, which consumes 
less energy and is environmentally friendly. The N≡N bond can be weakened by the coordination of bimetal atoms in the 
presence of bimetallic sites, thus enhancing NRR activity. In this paper, we systematically studied different diatomic cata-
lysts by density functional theory, and screened out some suitable candidate catalysts, Finally, it is concluded that FeTi@
Pc catalyst has the best catalytic activity with the limiting potential of − 0.37 V and selectivity for NRR reaction. We firmly 
believe that this work not only open up a way for the design of other non-noble metal NRR electrocatalysts with high activ-
ity, but also provide a promising strategy for the synthesis of NRR catalysts in experiments.

Graphical Abstract
We used 3d and 4d transition metal atoms to replace N atoms and Fe doped on the Phthalocyanine as the electrocatalyst for 
NRR. After screening and research, we found that FeTi@Pc catalyst has good catalytic activity and selectivity for NRR.
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1 Introduction

Ammonia, as an indispensable chemical in human produc-
tion activities, plays an irreplaceable role in the production 
of plastics, fibers, fertilizers, fuels, medicines and other 
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processes [1]. In addition, because its combustion products 
are nitrogen and water, which already exist in nature, ammo-
nia can also be used as a clean energy carrier [2, 3]. Due 
to the important role of ammonia, its consumption is also 
large. With the development of various fields, the demand 
for ammonia will also increase. At present, the main indus-
trial ammonia production is the Haber–Bosch technology, 
which combines nitrogen and hydrogen under high tempera-
ture and pressure in the presence of an iron-based catalyst 
[4, 5]. In this process, high temperatures and pressures con-
sume about 2% of the world's energy each year [6], The 
pure hydrogen used in the reaction, which does not exist in 
nature, is mainly obtained through steam reforming of fossil 
fuels (such as natural gas). This process not only consumes 
about 5% of the world's total energy from natural gas, but 
also produces a large amount of  CO2, which is not beneficial 
to the improvement of ecological environment [7]. There-
fore, in order to alleviate the high energy consumption and 
lower environmental pollution of industrial synthesis, it is 
necessary to develop a mild and environmentally friendly 
ammonia synthesis method.

In recent years, the electrocatalytic nitrogen reduction 
reaction technology for ammonia synthesis has been con-
sidered as a promising and potential method to replace 
Haber–Bosch technology [8]. Compared with traditional 
industrial technology, electrocatalytic NRR is carried out 
under normal temperature and pressure, with mild reaction 
conditions, higher production efficiency possible than the 
HB method, low energy consumption, and low cost. It uses 
nitrogen and water as raw materials to avoid the consump-
tion of fossil fuels and reduce greenhouse gas emissions. 
Therefore, the electrocatalytic nitrogen reduction reaction 
of ammonia synthesis technology has been a research focus 
of the majority of scholars. However, under environmen-
tal conditions, the reduction of inert nitrogen to ammonia 
needs to solve several problems: 1.  N2 has extremely high 
stability and inertness,since the first bond breaks require 
high thermodynamic energy (410 kJ/mol) and bond energy 
(945 kJ/mol), it is difficult to dissociate the N≡N bond; 2. 
The negative electron affinity (− 1.8 eV) and low proton 
affinity (5.12 eV) and high ionization potential (15.85 eV) 
of  N2 can reduce the reactivity; 3. Its large HOMO–LUMO 
energy gap (10.82 eV) hinders electron transfer to a certain 
extent. 4. Before the N–N bond breaks, the first H atom adds 
to the high enthalpy of  N2H+ (∆H0 =  + 37.6 kJ/mol) [9–11]. 
Based on these issues, it is necessary to design a catalyst that 
can reduce the activation energy of the reaction and weaken 
the N≡N bond energy to promote the synthesis of  NH3. In 
the process of synthesizing  NH3, there are also several dif-
ficulties. For example: 1.  N2 adsorption and  NH3 desorption 
on the catalyst surface; 2. Selectivity between NRR reaction 

and HER reaction, etc. [12, 13]. Therefore, the development 
of electrocatalysts with high activity, high selectivity, and 
the ability to adjust NRR and HER competition at room 
temperature is the key to realization of e-NRR.

Up to now, with the rapid development of theoretical 
methods and experimental techniques, many electrocata-
lysts have been designed for NRR [14–27]. Among them, 
scholars have conducted extensive research on single-atom 
catalysts, diatomic catalysts and other transition metal atom 
catalysts [28–40]. For example, Geng [41] and Tao [42] 
independently reported that a single ruthenium site sup-
ported on nitrogen-doped porous carbon has high activ-
ity for the electro-reduction of aqueous solutions to  NH3 
under ambient conditions. At the same time, Lu et al. [43] 
synthesized an atom-dispersed single molybdenum cata-
lyst on g-C3N4 for electrochemical synthesis of  NH3 under 
environmental conditions. And the experimental results of 
Zang et al. [44] showed that a single copper atom embed-
ded in porous carbon exhibits good catalytic performance. 
Although the active center of monatomic catalyst is favora-
ble for the subsequent electron and protic process, it is dif-
ficult to release the second  NH3 and has a very high initial 
potential. Therefore, researchers learned from the experience 
of diatomic catalysts used for hydrogen evolution (HER), 
 CO2 reduction reaction  (CO2RR), oxygen evolution reaction 
(OER) and oxygen reduction reaction (ORR) [45–52], and 
designed a diatomic catalyst for NRR [53–55]. Among them, 
Zhao et al. [50] re-examined the catalysis of ORR by 10 
cobalt-based diatomic catalysts  CoMN6-gra (M = Sc, Ti, V, 
Cr, Mn, Fe, Co, Ni, Cu, Zn) through first-principles calcula-
tions. performance, emphasizing that the magnetic coupling 
between transition metal atoms can have an impact on the 
binding strength, potential determining step, and limiting 
potential between intermediates and DACs, and demonstrat-
ing that manipulating the magnetic coupling between transi-
tion metal atoms is the key to improving the electrocatalytic 
activity of DACs an emerging and effective way. The above 
conclusions also apply to NRR. He et al. [53] proved that 
catalysts with bimetallic active sites could weaken N≡N 
bond and adjust the binding strength of key intermediates 
through strong polarization to improve the activity of NRR. 
Diatomic catalysts not only have the advantages of SACs, 
but also have higher metal atom loading and more flexible 
active sites [54].

Phthalocyanine  (H2Pc) is a kind of synthetic compound 
with 18 electron macroring conjugated system similar to por-
phyrins which are widely found in nature. Phthalocyanine 
has high stability to light, heat and even acid and alkali, and 
has strong coordination ability. It can react with almost all 
metal elements to form metal complexes with special colors, 
commonly known as metal phthalocyanines (MPc), due to its 
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high catalytic activity and good selectivity, has been exten-
sively studied and used in catalytic oxygen reduction reac-
tions [56–59], as well as in applications such as catalysis and 
environmental protection, solar cells, medical and health care 
[60–63]. In the chemical industry, researchers have explored 
the catalytic application of it for various reactions, among 
which the main product is CO. For example, Zhang et al. 
[64] found that cobalt phthalocyanine molecules uniformly 
supported on carbon nanotubes can efficiently catalyze the 
reduction of  CO2 to CO, and in particular, the introduction 
of cyanide can further improve its catalytic performance. Han 
et al. [65] later found that the polymerized Fe-PC and carbon 
nanotube composite catalyst cleverly combined the advantages 
of homogeneous and heterogeneous catalysts, with a high 
efficiency of CO Faraday Efficiency. However, there are few 
studies on the use of metal phthalocyanine catalysts for elec-
trocatalytic NRR reaction, so this paper uses it as the catalyst 
base for e-NRR.

Iron is a cheap and abundant metallic element on earth, 
and also an important element for fixing  N2 in nitrogenase. 
At the same time, in the HB process, Fe is widely used as the 
best pure metal catalyst [66]. Norskov et al. [67] calculated the 
catalytic activity trends of a series of transition metal surfaces 
and applied potentials. The results proved that Fe, Rh, and 
Ru are at the top of the volcano map, indicating that a large 
amount of ammonia can be expected to be produced on these 
metals. Considering the low cost and wide storage capacity 
of iron, iron has more obvious advantages than precious met-
als in practical applications. Compared with precious metals, 
iron not only has low cost, but also has the characteristics of 
abundant content, wide storage capacity and uses, so in prac-
tical applications, iron has obvious advantages. In addition, 
there are many experiments and theoretical studies that can 
prove the high catalytic activity of monoatomic iron catalysts 
[68–72]. In order to further improve the catalytic activity of 
the single-atom iron catalyst for NRR, we tried to construct a 
FeTMs@Pc catalyst to study the possibility of its catalytic  N2 
reduction reaction.

In this work, we studied a series of Fe and 3d,4d transi-
tion metals co-doped on phthalocyanine substrates (written 
as FeTMs@Pc) by density functional theory calculations as 
electrocatalysts for NRR. First of all, after different theoretical 
calculations, the most stable FeTMs@Pc structure was con-
structed, and the established catalysts were initially screened. 
We concluded that there were five heteronuclear BACs 
(FeTi@Pc, FeV@Pc, FeCu@Pc, FeCr@Pc and FeTc@Pc) 
that could improve the catalytic activity of NRR. After subse-
quent research and comparative analysis of these five candidate 
catalysts, the optimal catalyst, FeTi@Pc, was found to attract 
attention with a low limit potential of − 0.37 V by the distal 
mechanism, and could avoid HER competitive reaction well, 
with better NRR selectivity.

2  Calculation Methods

For the structure of all the catalysts involved in this article, 
All the geometric optimizations were carried out by spin-
polarized DFT method in the generalized gradient approxi-
mation (GGA) of Perdew-Burke-Ernzerhof (PBE), as imple-
mented in Gaussian 09 backage [73]. The non-metal atoms 
(C, N, H atoms) in the structure use the 6–31 g* basis set, 
and the metal atoms use the Los Alamos National Labora-
tory 2 Double Zeta (LANL2DZ) basis set. The valence layer 
orbital of the transition metal atom LANL2DZ includes a 
total of three s-basis functions, three p-basis functions and 
two d-basis functions. When the LANL2DZ basis set treats 
(n-1) s and (n-1) p orbitals as price layer orbitals, the calcu-
lation accuracy can be significantly improved [74].

The Gibbs free energy change of each basic step of  N2 
adsorption is calculated using the calculated hydrogen elec-
trode model proposed by Nørskov et al. [75] CHE uses half 
of the chemical potential of  H2 as the chemical potential of 
the proton-electron  (H+/e−) pair:μH+ + μe− =

1

2
μH2

 . The free 
energy change (∆G) of each protonation hydrogenation step 
was computed according to:

where ∆E is the reaction energy obtained by DFT compu-
tations, ∆EZPE is the change of zero-point energy, the cal-
culation can be as follows: EZPE = 1∕2

∑Nmodes

i=1
hvi , Where 

Nmodes is the number of vibration modes. T is the temperature 
(298.15 K) and ∆S is the change in entropy. The entropies 
of the gas phase were taken from the NIST database. Based 
on the vibrational frequencies,the entropies and zero-point 
energy of the adsorbates were calculated, and the entropy 
can be determined as follows [76]:

where R is the molar gas constant, h is the Planck constant, 
kB is the Boltzmann constant, NA is the Avogadro number, 
νi is the normal mode frequency, and N is the number of 
adsorbed atoms. ∆GU could be calculated with ∆GU = -eU, 
where e represents the transferred charge and U represents 
the potential on the electrode. ∆GpH is the correction of  H+ 
free energy by concentration, which can be expressed as 
∆GpH =  kBTln10 × pH. In this study the pH value was set to 
0 to simulate a strong acidic environment (0.10 M HCI solu-
tion is the commonly used NRR electrolyte in experiments) 
[54]. According to Nørskov et al. [75] the thermodynamic 
activation barrier is equal to the maximum free energy dif-
ference. That is, the reaction potential determination step 
(PDS) is the basic chemical step with the maximum reaction 
free energy (∆G) and the minimum limiting potential  (UL).

ΔG = ΔE + ΔEZPE − TΔS + ΔGU + ΔGpH

S(T) =

3N
∑

i=1

[−Rln(1 − e−hvi∕kBT +
NAhvi

T

e−hvi∕kBT

1 − e−hvi∕kBT
]
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Nørskov et al. used and investigated similar scheme for 
the stability of key adsorbents *OH (0.5 eV) and *OOH 
(0.25 eV) in the ORR mechanism. It was found that the sta-
bilitions of *NH, *NH and *NH2 were 0.1, 0.1 and 0.2 eV, 
respectively (the limiting potential affecting the reaction 
intermediates was 0.1 eV). Moreover, the similarity in the 
corrections indicates that the shifts in activity should cor-
respond to the shifts along the scaling; therefore, the funda-
mental limitations are not change significantly just by inter-
acting with  H2O [77, 78]. Based on the above, the influence 
of solvation was not considered.

3  Results and Discussion

3.1  Catalyst Screening Process

The  N2 reduction reaction is a relatively complicated pro-
cess  (N2 +  6H+  +  6e−  =  2NH3), and its initial potential is 
determined by six electrochemical steps [67, 79].  N2 can 
be adsorbed on the surface of the catalyst through two dif-
ferent configurations (end-on or side-on configuration), so 
the mechanism of NRR is uncertain. In general, in order to 
fully illustrate the NRR activity of the selected catalyst, 16 
kinds of reaction intermediates should be considered [80]. 
In this context, a large-scale screening of NRR catalysts with 
high activity with computational high-throughput methods 
will consume or even waste huge computational resources. 
Therefore, it is necessary to use simple descriptors or adopt 
effective filtering strategies. Many research results in the 
past have concluded that a catalyst with a very low limiting 
potential can stably adsorb  N2H and unstable  NH2. In other 
words, regardless of the mechanism, they have two parts 
—— the first hydrogenation step (*N2 +  H+  +  e−  = *N2H) 
and the last hydrogenation step (*NH2 +  H+ +  e−  = *NH3), 
these two hydrogenation steps are the most likely rate-deter-
mining steps in the whole process. Therefore, we use these 
two reaction steps as the criteria for rapid screening of the 
best NRR catalysts (∆GN2-N2H and ∆GNH2-NH3) [54, 80, 81]. 
We first calculated the free energy changes of the first and 
last hydrogenation steps for the seventeen types of FeTMs@
Pc as a preliminary evaluation of the entire NRR process. 
Figure 1 displays the Gibbs free energy changes for the first 
and last hydrogenation steps on the 17 kinds of catalysts. In 
this figure, the horizontal and vertical axes represent the val-
ues of ∆GNH2-NH3 and ∆GN2-N2H, respectively. For the first 
hydrogenation step, we calculated the two different adsorp-
tion configurations including end-on and side-on configura-
tions (as shown in Table S1). After comparison, we chose 
the smaller ∆GN2-N2H value. Therefore, only those species 
near the lower left corner will have the better NRR catalytic 
activity. As can be seen from Fig. 1, there are five catalysts 
showing excellent catalytic activity (values of ∆GNH2-NH3 

and ∆GN2-N2H are lower than 0.65 eV) [53]. Therefore, we 
selected these five catalysts (marked in red triangle) to fur-
ther evaluate their entire NRR catalytic activity, namely 
Fe–Ti, Fe–V, Fe–Cu, Fe–Zr and Fe–Tc.

3.2  Catalyst Structure Model

Jiang et al. researched the catalytic activity of a series of 
N-coordinated DMSCs by DFT calculations using the 
charge transfer, the average charge on the metal, the aver-
age d orbital center on metals, and the stretching vibration 
frequency of reactants as electron/spectral descriptors. They 
found that among the various metal combinations, the model 
of the  N3-adjacent bimetallic and iron-containing combina-
tion had stronger synergistic and kinetic effects, resulting in 
a much higher catalytic activity than other studies. Inspired 
by the experimental study, we designed the catalyst structure 
model (FeTMs@Pc) as shown in Fig. 2 [82]. The distance 
between Fe and another transition metal atom can be short-
ened by replacing the N atom of the nearest Fe atom with 
the transition metal atom in the Pc base, and the synergistic 
effect of the bimetal atom can be better played. We prove 
through calculation that the structure shown in Fig. 2 has the 
lowest energy and is the most stable structure. The structure 
of different FeTMs@Pc catalysts has different degrees of 
deformation, which is mainly due to the difference in the 
radius of the metal atoms, indicating that doping with dif-
ferent transition metal atoms can significantly control the 
geometric structure of FeTMs@Pc (The structures of all 
catalysts and their energies of high and low spin are shown 
in Table S2). Thus, doping with different transition metal 

Fig. 1  The Gibbs free energy changes of the first and last hydro-
genation steps of NRR on different FeTMs@Pc DACs were calcu-
lated. The blue dashed line represents the value of 0.65 eV. The ones 
marked in red are the most promising NRR catalysts
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atoms provides a way to further promote NRR activity [53, 
54].

Next, we investigated the stability and experimental fea-
sibility of these catalyst systems by their binding energies 
(Eb) and formation energies (Ef). The formula for calculating 
the binding energy is: Eb = EPc+Fe − �N + ETM − EFeTMs@Pc . 
EPc+Fe is the energy of the Pc substrate doped with Fe 
atom, ETM is the energy of the isolated transition metal 
atom, and  EFeTMs@Pc is the energy of the FeTMs@Pc cata-
lyst system. If the obtained binding energy is negative, it 
indicates that the formed catalyst system has good ther-
modynamic stability. As can be seen from the Fig. 3a, the 
binding energies of the catalysts are all much less than 
0 eV, indicating that the FeTMs@Pc catalysts have good 
stability. Ef can well describe the formation possibilities 

of a particular catalyst system, mainly because the value 
of Ef is related to the energy (chemical potential) of each 
species, which depends on the experimental conditions 
[33]. In order to characterize the experimental possibility 
of our designed catalyst, the formation energy of the cata-
lyst was calculated according to the following formula: 
Ef = EFeTMs@Pc + �N − (EPc + EFe + ETM) . EPc is the energy 
of a single phthalocyanine molecule, and EFe is the energy 
of Fe atom. As shown in Fig. 3b, except that the formation 
energies of FeZn@Pc and FeAg@Pc are positive, which are 
1.03 eV and 0.41 eV, respectively. The formation energies 
of other catalysts range from about − 0.87 to − 6.50 eV, 
indicating the thermodynamic stability of these catalyst 
systems, and it can also be said that these catalyst systems 
have the possibility of experimental synthesis. In addition, 
we also evaluated the electrochemical stability of FeTMs@
Pc by calculating the dissolution potential (Udiss), which is 
defined as Udiss = U0

diss
(metal, bulk) − Ef∕ne . U0

diss
(metal, 

bulk) and n are the standard dissolution potential of the 
bulk metal and the coefficient for the aqueous dissolution 
reaction, respectively. According to some references defini-
tions [77, 83, 84], materials with Udiss > 0 V are considered 
electrochemically stable. Table S3 lists the exact values of 
Udiss. Among them, the dissolution potentials of FeZn@Pc, 
FePd@Pc, and FeAg@Pc catalysts are less than 0 V. The 
other catalysts are all greater than 0 V. The above results 
show that most of our catalyst systems are thermodynami-
cally and electrochemically stable, which demonstrates the 
reliability and feasibility of FeTMs@Pc catalysts.

In order to further study the binding mechanism of 
Fe-TM on the Pc substrate, the projected density of states 
(PDOS) of the five selected FeTMs@Pc (FeTi@Pc, FeV@
Pc, FeCu@Pc, FeZr@Pc and FeTc@Pc) were calculated, 
as shown in Fig. 4. The 3d orbital of iron atom, the 3d 
or 4d of TM, the 2p of C atom and the 2p of N atom are 
marked with black, pink, blue and green lines, respectively, 

Fig. 2  Top view of FeTMs@Pc DACs structure model
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Fig. 3  a The binding energy (Eb) of the FeTMs@Pc catalyst systems; b The formation energy (Ef) of the FeTMs@Pc catalyst systems
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and the red dotted line represents the Fermi energy level 
with a value of 0 eV. Except for FeCu@Pc, the obvious 
orbital hybridization between Fe(3d), TM(3d/4d), C(2p) 
and N(2p) indicates that Fe-TM dimer can be firmly fixed 
to the substrate by strong covalent bonds with C/N atoms, 
and also indicates that the catalyst system has excellent 
stability. More interestingly, except for FeCu@Pc, the 

d-band centers of two metal atoms in the other four cata-
lysts are closer to the Fermi level. (See Fig. S1). Accord-
ing to the d-band center theory [85, 86], the interaction 
between the adsorbate energy level and the d-band (nar-
row band) can form bonding orbitals/anti-bonding orbit-
als.If the energy level of the d-band center is closer to the 
Fermi level, the ability of its surface to adsorb reaction 
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intermediates is enhanced, which can improve the activity 
of NRR. So we think that FeTi@Pc may have higher  N2 
activation activity.

3.3  Adsorption of  N2 on FeTMs@Pc

The adsorption and activation of  N2 on the catalyst is the 
first step of the entire catalytic reaction, because the reduc-
tion of  N2 to  NH3 is a rather complicated process, which 
involves a variety of reaction mechanisms, so the adsorption 
of  N2 on the surface of the electrocatalyst activates the inert 
 N2 and the subsequent reduction process [87]. Therefore, we 
studied the adsorption configuration of  N2 molecule on 17 
kinds of FeTMs@Pc catalysts. According to the adsorption 
configuration of  N2 molecule, it can be divided into two 
categories: end-on configuration and side-on configuration, 
as shown in Fig. 5. Here, end-on means that one end of the 
 N2 molecule is attached to the active site of the catalyst, and 
side-on refers to the adsorption of two ends of the  N2 mol-
ecule on the active site of the catalyst.  N2 can be adsorbed 
in end-on adsorption mode on all catalysts, interestingly, it 
can also be adsorbed on FeV@Pc, FeMn@Pc and FeRu@
Pc catalysts in side-on configuration, and on other catalysts, 
the side-on configuration will be transformed into end-on 
configuration after optimization (All of the adsorption con-
figurations are shown in Table S1). In addition, in order to 
confirm that  N2 can really adsorb on metal sites, we also 
calculated  N2 adsorption on other possible sites, such as C 
and N atoms near near two metal atoms. The results showed 
that after optimization, nitrogen were adsorbed on the metal 
double sites, rather than any other sites. This provided a 
structural basis for subsequent reduction of nitrogen on the 
metal double sites.

It is important to study the bonding mechanism of  N2 on 
FeTMs@Pc catalyst surface.  N2 can be adsorbed on the cata-
lyst surface mainly due to orbital hybridization and electron 
transfer. In order to study the interaction of  N2 on the surface 
of FeTMs@Pc metal dimer and  N2 from the aspect of orbital 
hybridization, the projected density of states (PDOS) of the 
adsorption system was plotted, as shown in Fig. 6 (Take the 
five kinds of selected catalysts as examples). In Fig. 6, the 
densities of states for Fe's d orbital, TM's d orbital and N's 
p orbital are drawn with pink, black and blue lines, respec-
tively. The red dotted line represents the Fermi level, which 

has a value of 0 eV. Near the Fermi level, there is a significant 
hybrid peak between the metal dimer (d) and nitrogen (p), 
indicating that orbital hybridization contributes to the bonding 
process of surface  N2 to some extent. In detail, the ability of 
FeTMs@Pc to adsorb/activate  N2 is mainly due to its unoccu-
pied and occupied d orbitals. On the one hand, the unoccupied 
d orbitals of FeTMs@Pc accept electrons from the 2π and 3σ 
molecular orbitals of  N2 to form a bonded state to desorb and 
activate  N2. On the other hand, the occupied d orbitals feed-
back electrons to the 2π* orbitals of  N2 molecule, resulting in 
the formation of the partially occupied 2π* orbitals.

In order to study whether the electron transfer occurs the 
adsorption of  N2 on the surface, the electron density difference 
between the two configurations of  N2 adsorption on FeTMs@
Pc is plotted, as shown in Fig. 7a (Take FeTi@Pc as an exam-
ple). In Fig. 7a, charge accumulation and charge transfer are 
represented in blue and yellow regions, respectively. As can be 
seen from the charge density difference diagram, electron den-
sity transfer mainly occurs in the region of Fe atom and N–N 
bond, the accumulation of electron density mainly occurred 
in the region of Fe–N bond. This indicates that iron atoms act 
as electron donors during  N2 adsorption process, the strength 
of N≡N bond is weakened and the Fe–N bond is strengthened 
with electron transfer. In other words, as shown in Fig. 7b, 
FeTMs@Pc can "push" electrons into the anti-bonding orbital 
of  N2 while "pulling" the lone pair of electrons from  N2 at the 
same time. The synergistic effect of these two processes can 
significantly weaken the strong N≡N bond, laying the founda-
tion for the subsequent multi-step reduction to generate ammo-
nia molecules. All in all,  N2 is activated by electron transfer, 
leading to a significant extension of the N≡N bond in each  N2 
adsorption configuration. (N–N bond lengths before and after 
 N2 adsorption are shown in Table S4).

3.4  Reaction Mechanism and Analysis

In order to further confirm the excellent performance of 
FeTMs@Pc as an electrocatalyst for converting  N2 into 
available  NH3, the entire NRR process (six proton-electron 
pair transfer reactions) of the five kinds of selected cata-
lysts was studied. Among the five kinds of selected cata-
lysts, except for FeV@Pc catalyst, which has two configura-
tions for  N2 adsorption, the other four kinds of catalysts can 
only adsorption  N2 with end-on configuration. In previous 

Fig. 5  a end-on configuration of  N2 adsorption on FeTMs@Pc catalysts (TM = Ti-Zn, Zr-Ag); b side-on configuration of  N2 adsorption on 
FeTMs@Pc catalysts (TM = V, Mn); c side-on configuration of  N2 adsorption on FeTMs@Pc catalysts (TM = Ru)



1923Theoretical Study on the Efficient Electrocatalytic  N2 Reduction Reaction of Bimetallic…

1 3

studies [21, 88], the mechanism of nitrogen reduction reac-
tion (NRR) on heterogeneous catalysts has been well estab-
lished, and it is thought to be carried out through four main 
catalytic mechanisms, namely distal, alternating, continuous 
and enzymatic, as shown in Fig. 8. Among them, the end-on 

adsorption configuration promotes the subsequent reduction 
reaction through the distal and alternate pathways, while the 
enzymatic and continuous pathways start from the side-on 
adsorption configuration. Through the distal and continu-
ous mechanism, the proton-electron pair first continuously 
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Fig. 6  The Projected Density of states (PDOS) of a FeTi@Pc, b FeV@Pc, c FeCu@Pc, d FeZr@Pc, and e FeTc@Pc catalyst with end-on con-
figuration and f FeV@Pc catalyst with side-on configuration for  N2 adsorption
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attacks one N atom in  N2 molecule to produce a  NH3 mol-
ecule, then attacks the remaining N atom to produce another 
 NH3 molecule, and through the alternate and enzymatic 
mechanism, the proton-electron pair alternately attacks two 
nitrogen atoms and finally releases two  NH3 molecules in 
succession.

Figure 9 shows the Gibbs free energy change through dif-
ferent mechanisms at each step of the entire NRR process on 
the five kinds of selected catalysts. The PDS value of each 
pathway has been marked in each figure. Among them, for 
FeTi@Pc and FeZr@Pc, the fourth step of hydrogenation 
(*NHNH2 +  H+ +  e−  = *NH2NH2) in the Alternating path after 
adsorbing  N2 molecules in the end-on configuration is difficult 
to complete, so for these two This kind of catalyst, only the 
Distal path will be considered in subsequent research. Under 
the functions of these two catalysts, the Gibbs free energy of 
NRR showed a downward trend, in which the PDS is the first 
hydrogenation reaction (*N2 +  H+ +  e−  = *N2H), and their 
values were 0.37 eV and 0.42 eV, respectively. For the other 
three catalysts (FeV@Pc, FeCu@Pc and FeTc@Pc), both Dis-
tal and Alternating paths are considered, but it is worth noting 
that for the Alternating path, the fourth hydrogenation step 
(*NHNH2 +  H+ +  e−  = *NH2NH2) has a very high uphill Gibbs 
free energy change, which is also the decisive step in the entire 
Alternating path, with values of 1.23 eV, 0.98 eV and 1.22 eV, 
respectively. Compared with the Alternating path, their Distal 

path is more feasible, and the reaction process is generally 
downhill. As can be seen from Fig. 8c and e, on FeV@Pc 
and FeTc@Pc, *N2H forms *NNH2 through protonation of 
the terminal path with a smaller upslope free energy value 
than *NHNH forms under the alternate path, indicating that in 
thermodynamics, the formation of *NNH2 requires less energy 
than that of *NHNH. However, in Fig. 9d on FeCu@Pc, the 
biggest difference between the two paths lies in the fourth step 
of the hydrogenation reaction, where the Alternating path has 
a more corrected Gibbs free energy than the Distal path and is 
thus greatly hindered. Among them, under the action of FeV@
Pc catalyst, the PDS of NRR is the second hydrogenation reac-
tion with a value of 0.45 eV, and under the effects of FeCu@Pc 
and FeTc@Pc, the PDS of NRR is still the first hydrogenation 
reaction. The values are 0.38 eV and 0.59 eV, respectively. In 
summary, after the end-on configuration adsorbs  N2, NRR is 
thermodynamically more favorable through the Distal path. 
Only FeV@Pc can adsorb  N2 in side-on configuration, and 
in subsequent NRR, we consider two paths, continuous path 
and enzymatic path respectively. The variation paths of Gibbs 
free energy of two different mechanisms are shown in Fig. 9f. 
When  N2 is reduced to ammonia by the continuous mechanism 
on FeV@Pc catalyst, in addition to the hydrogenation reaction 
in the first step, which requires more energy, the fourth step 
is also required, but the enzymatic mechanism only increases 
the hydrogenation step in the first step, so for we chose the 

π back-donation to N2

e e

σ donation from N2

(b)

(a)

Fig. 7  a The charge density difference of FeTi@Pc (Blue and yellow indicate charge accumulation and charge transfer, respectively); b Simpli-
fied schematic diagram of  N2 bonding to dual-site transition metals

Fig. 8  Schematic representation 
of the different mechanisms for 
NRR
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Fig. 9  The Gibbs free energy change of NRR on a FeTi@Pc, b FeZr@Pc, c FeV@Pc, d FeCu@Pc, e FeTc@Pc and f FeV@Pc catalyst under 
different mechanisms. The free energy change value of PDSs have been marked
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enzymatic mechanism. In this path, the entire free energy 
change process of NRR shows a downward slope, indicating 
that this route is possible for ammonia synthesis in terms of 
thermodynamics, where PDS is still the first step of hydrogena-
tion, with 0.60 eV, but this value is still greater than the value 
of the PDS under the Distal mechanism. Finally, since the des-
orption of  NH3 plays an important role in the whole NRR pro-
cess, it will affect the reuse of the catalyst, so we also plot the 
desorption energy of  NH3 in Fig. 9. As shown in the Fig. 9, the 
desorption of  NH3 is an endothermic reaction, and the energy 
required for the desorption of  NH3 over five catalyst systems 
(FeTi@Pc, FeV@Pc, FeCu@Pc, FeZr@Pc, and FeTc@Pc) 
are 0.99, 1.05, 1.58, 0.98, 0.72 eV, respectively. Among them, 
the  NH3 desorption energy of FeCu@Pc is slightly higher, 
and the  NH3 desorption energy of other catalyst systems is 
relatively moderate, which is similar or even lower than that 
in some theoretical studies [54, 77]. According to the above 
analysis, the Distal path is more feasible for the five kinds of 
selected catalysts. (The configurations of intermediate in the 
different mechanisms are shown in Fig. S2, and the energy of 
each intermediate is listed in Table S5).

To illustrate the intrinsic activity of the catalyst, we use 
the equation  UL = − ∆GPDS/e about the limiting potential to 
calculate the  UL value under the optimal path (Distal path) 
of the selected catalyst (the limit potential is the lowest nega-
tive potential that promotes PDS become exothermic). The 
corresponding  UL values of FeTi@Pc, FeZr@Pc, FeV@
Pc, FeCu@Pc, and FeTc@Pc are − 0.37, − 0.42, − 0.45, 
− 0.38, and − 0.59 V, respectively. Due to the presence of 
electrons, the applied electrode potential significantly affects 
the rate of proton-electron pair transfer in the protonation 
step. As shown in Fig. 10, after applying  UL on the surface 
of the selected catalyst, all electron transfer steps can be 
downscaled, which is beneficial to the production of  NH3. 
Therefore, the Gibbs free energy curve will be significantly 
reduced when the potential is applied to the electrode. 
Through the above analysis, it can be concluded that among 
the five kinds of the selected catalysts, FeTi@Pc catalyzes 
NRR through the Distal path, displaying a least negative  UL 
value of − 0.37 V, as shown in Fig. 10a.

3.5  Selectivity of FeTi@Pc Catalyst

In addition to high activity and high stability, an ideal 
catalyst also needs to have the ability to effectively inhibit 
the competitive reaction (HER), so as to obtain high Fara-
day efficiency of  NH3 synthesis. Therefore, we studied 
the catalytic selectivity of the selected catalyst. On most 
metal surfaces, the adsorption of hydrogen is easier than 
the adsorption of  N2, that is, the free energy of adsorbing 
hydrogen is less than the free energy of adsorbing  N2, 
which means that *H is likely to cover the metal surface 

to hinder the reaction activity. Moreover, the negative 
potential is easier to facilitate the H adsorption process 
involving one-step proton-electron transfer. If the elec-
trode potential is increased, HER will play a dominant 
role in the reaction process until the adsorption of  N2H 
[77]. In order to evaluate the selectivity of the catalyst, 
we calculated the activity of the hydrogen evolution reac-
tion on the selected catalyst, as shown in Fig. 11a. At the 
same time, we also calculated the free energy for all the 
catalysts to adsorb *H and *N2H respectively, as shown 
in Fig. 11b. The darker the background color of the pic-
ture means the better the NRR catalytic activity, while 
the lighter the background color represents the better the 
catalyst activity for HER. Comparing the free energy value 
 (UL) of HER and NRR to determine the catalyst selectiv-
ity,  UL (FeTi@Pc NRR) = − 0.37 V has a more favorable 
negative  UL value than  UL (FeTi@Pc HER) = − 0.53 V, 
indicating that FeTi@Pc can effectively inhibit HER and 
exhibit higher selectivity of NRR, which is consistent 
with the analysis results above, proving that FeTi@Pc is 
very promising for catalyzing NRR synthesis of  NH3. In 
addition to the adsorption on metal sites, we also stud-
ied all possible adsorption models of H on FeTi@Pc, and 
their structures are shown in Fig. S3, with corresponding 
adsorption energies (∆G*H) marked in the figure. Where, 
except C8 site ∆G*H value is negative, other H adsorp-
tion sites ∆G*H value is positive, indicating that FeTi@Pc 
catalyst is more conducive to NRR. Even if C8 site ∆G*H 
is less than 0, from another perspective, it indicates that 
H is more easily adsorb to C site without occupying the 
metal site and will not hinder the adsorption of  N2 by the 
metal site.To sum up, FeTi@Pc is an excellent catalyst 
with high selectivity in favor of NRR.

In order to verify the activity of our improved cata-
lyst, we compared the  UL value of the catalyst with Fe 
or other metal catalysts in Table 1. When comparing the 
catalyst with different metal catalysts, the results showed 
that FeTi@Pc had good catalytic activity, indicating that 
the way of doping transition metals we have studied can 
improve the performance of the catalyst. If this catalyst 
is compared with other iron-based catalysts (single-atom 
iron catalysts or homonuclear Fe catalysts), the results are 
still clear. It can be seen from the table that,  UL max-FeTi@Pc 
(− 0.37 V) is significantly smaller than that of other mona-
tomic iron catalysts, indicating that the catalytic activity 
of NRR monatomic iron catalyst can be further improved 
by rationally constructing the Fe-TM diatomic bimetallic 
catalyst.
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Fig. 10  Free energy diagrams of NRR on a FeTi@Pc, b FeCu@Pc, c FeZr@Pc, d FeV@Pc and e FeTc@Pc along Distal mechanism. Black and 
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4  Conclusion

In summary, the first and last step hydrogenation reac-
tion, which may be the potential determination step, is 
used as the descriptor to screen out five catalysts among 
all the catalysts constructed. We used density functional 
theory to study the reaction paths, potential determining 
steps, Gibbs free energy changes, catalytic activity and 
selectivity of these five FeTMs@Pc electrocatalytic  N2 
reduction reaction to ammonia. The results show that the 
catalytic activity is attributed to the optimized electronic 
structure and the strong interaction between the metal and 

the substrate. Compared with single-atomic iron catalysts, 
FeTMs@Pc has a lower Gibbs free energy change in the 
NRR potential determination step, and has more obvious 
advantages. The N≡N bond at the bimetallic catalytic 
active site was weakened by strong polarization, thus 
increasing the activity of NRR. Among the five FeTMs@
Pc catalysts, FeTi@Pc showed the highest catalytic activ-
ity for NRR, with the Gibbs energy change of 0.37 eV. 
Electron-deficient Fe-Ti center plays a unique role in pro-
moting  N2 fixation and activation for electron-rich spe-
cies. The outermost electron arrangement of Ti element is 
 3d24s2, and the number of electrons in its d shell is small, 
and such metal atoms have a strong binding force with 
nitrogen, which contributes to the subsequent  N2 reduction 
reaction. We expect that this work can encourage more 
experimental and theoretical efforts to study the synthesis 
of diatomic metal catalysts doped with phthalocyanine, 
and further explore their potential applications in various 
catalytic fields.
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Acknowledgements This work was financially supported by the Natu-
ral Science Foundation of Shanxi (Grant No.20210302123335), the 
Graduate Education Innovation Project of Shanxi Normal University 
(Grant No.2021XSY031).

Declarations 

Conflict of interest We declare that we have no financial and personal 
relationships with other people or organizations that can inappropri-
ately influence our work.

Fig. 11  a Catalytic activity of hydrogen evolution reaction. b NRR activity and HER activity of FeTMs@Pc catalyst. (The red dotted line shows 
that ∆G*H is equal to ∆G*N2H)

Table 1  The Theoretical limiting potential of different catalysts for 
NRR

Catalysts Theoretical limiting poten-
tial  UL (V)

Publication year

Mo2/C2N  − 0.51 2018[23]
Ni3@GO  − 1.23 2018[25]
Fe/GDY  − 1.16 2019[21]
Fe (100)  − 1.50 2019[66]
Fe/N4-C  − 1.69 2019[70]
Fe–Ti@GS  − 0.88 2020[32]
FeS2  − 0.45 2020[16]
Ru@GY  − 0.43 2020[27]
Fe-B2N2/G  − 0.65 2021[71]
Fe2B2  − 0.44 2021[15]
V-PTC  − 0.60 2021[26]
FeTi@Pc  − 0.37 This work

https://doi.org/10.1007/s10562-022-04106-z
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