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Artificial ammonia synthesis is dominated by the Haber—Bosch (HB) process at present. Recently, con-
cerns of huge energy consumption and air pollution from the HB process have created an increasing
demand for economical and eco-friendly NHs-synthesis approaches, such as electrocatalysis. Motivated
by the fact that iron is widely used as a thermocatalyst in the HB process, we investigated bimetallic alloys
consisting of Fe and group-IVA elements towards the electrochemical nitrogen reduction reaction
(e-N2RR) via density functional theory calculations. Despite the inertness of pristine group-IVA elements
towards the e-N2RR, alloying them with iron could surprisingly enhance the e-N2RR activity of iron.
Moreover, we identified an optimal Fe-Si ratio (3:1) where a theoretical overpotential of only 0.21 V is
observed, ranking among the best results ever. We also evaluated hydrogen evolution on FesSi and
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1. Introduction

Ammonia is one of the most irreplaceable raw materials in agri-
culture and chemical production,"® thus making artificial
ammonia synthesis a crucial process in both industry and econ-
omics. To date, the vast majority of artificially synthesized
ammonia has come from the famous Haber-Bosch (HB) process
where iron acts as the key component of the thermocatalyst.?
However, the HB process is carried out under harsh conditions,
costs a great deal of energy and induces environmental concerns
due to the huge amount of carbon dioxide emission.*> Exploring
alternatives to the HB process is an urgent and significant topic
for both engineers and researchers. Electrocatalysis is regarded
as one of the promising methods because of the ambient reac-
tion environment and sustainable electricity as the driving force,
while products from electrochemical nitrogen fixation are also
more environmentally benign compared with thermocatalysis.®
Nevertheless, one of the key issues of the e-N2RR is the design of
highly efficient catalysts which should effectively activate the N,
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our work proposes a rational design for practical and economical e-N2RR electrocatalysts.

molecule, decrease the energy barrier along the reaction pathway
and possess a generally economical price. Therefore, searching
for ideal candidates satisfying all these merits is a challenging
yet rewarding task.

Metal-based compounds are always the first choices for
catalyst design because they are more facile to be synthesized
and more stable than some delicate nanostructures.”® Some
precious transition metal (TM) elements, including Ru,>*°
Pd'™"'? and Nb,"*'* are reported to be the most active com-
ponents for e-N2RR, among which ruthenium is recognised as
the best metal catalyst.'> However, the high price of these
elements is the bottleneck for their industrial application. To
reduce the cost, some strategies were proposed to improve the
usage efficiency of these precious metals. The first idea is to
synthesize alloys consisting of both precious and non-precious
elements. A lot of intermetallic compounds have been reported
to be highly efficient catalysts for e-N2RR following this route.
Jung’s group synthesized Ru-Cu nanoparticles and performed
an electrochemical test on the catalyst.'® They observed a fara-
daic efficiency (FE) of 30.03% and a formation rate of 71.13 pg
h™" em™ towards ammonia. DFT calculations verified that the
free energy change of the potential determining step (PDS)
decreased after alloying Ru with Cu, resulting in an elevated
activity. Yin et al. theoretically proposed a group of Ru-based
ternary alloys as e-N2RR electrocatalysts on which the
minimum theoretical overpotential is only 0.23 V.'” Pang and
co-workers prepared a nanoporous Pd;Cu alloy which restricts
the competing hydrogen evolution reaction (HER) and has a
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high yield-rate of 39.9 pg h™" mg ".'® Some of the other
similar alloy catalysts include Pd;Bi,"® PtMo*° and AuMo; **
whose details can be checked as referred. The second strategy
is to disperse the precious metal down to the atomic scale, i.e.,
the utilization of the popular single atom catalyst (SAC)
concept.”> Some of the noble-metal elements have been pro-
duced in the form of SACs towards the e-N2RR and their excel-
lent performance could be maintained.>*2*

Although the usage efficiency of precious metals can be
greatly increased with the abovementioned strategies, it is still
desired to achieve noble-metal-free catalysts for the e-N2RR to
further reduce the cost and to explore new reaction mecha-
nisms. Among non-noble transition metals, iron is undoubt-
fully the first choice because it is already used in the HB
process, although the main reason for iron’s wide application
is its affordable cost while its catalytic activity is not very satis-
fying. One of the major approaches to boost the electrocatalytic
performance of iron is still alloy engineering. Properties of
pristine iron can be first modulated by alloying with other TM
elements. Ahmed et al. synthesized a CoFe,O, cluster sup-
ported by reduced graphene oxide sheets for the e-N2RR and
observed an elevated performance compared with the mono-
metallic Co and Fe.?® Both cobalt and iron atoms can act as
adsorption sites for N, so the density of active sites is greatly
increased. Wang and co-workers produced Fe-Cu nanoclusters
confined by carbon nanotubes and g-C;N, and confirmed
their enhanced activity towards the e-N2RR.>” Duan and col-
laborators designed NiFe-nanomesh array as a bifunctional
electrocatalyst for both the oxygen evolution reaction (OER)
and the e-N2RR,*® and the FE towards nitrogen reduction
reached 12.5% at only 350 mV (vs. RHE). Other non-precious
TM elements, such as Mo***° and Zn,*! have also been utilised
to improve the activity of iron in the e-N2RR.

P-block elements have been recently found to play an intri-
guing role in electrochemical nitrogen fixation. They can
either modify the property of TM elements by forming
alloys®**® or directly act as the active centre.**® Therefore,
another large category of Fe-based electrocatalysts includes
compounds constituted by iron and p-block elements. For
example, iron and sulfur can form alloys with each other in
different ratios in minerals, among which FeS,*”*® and 2D
defective FeS*® were proposed to capably catalyse the e-N2RR.
Hou’s group synthesized FePS; nanosheets with rich sulfur
vacancies and reported excellent e-N2RR activity with a FE of
12.36%."° Chu et al. synthesized amorphous FeB, nanosheets
and monitored a FE of 16.7% at —0.2 V.* Jin and co-workers
developed a core-shell structure consisting of polypyrrole (PPy)
coated S-doped Fe,O; nanoparticles with a very-high FE of
26.4% towards the e-N2RR.*”> Although much progress has
been made towards the application of iron-based materials to
the e-N2RR, most of these works are conducted in labs while
their delicate synthesis and feasibility on large scales are
unclarified for practical applications.

Motivated by the above background and the prediction of
uncommon above-room-temperature ferromagnetism in Fe-Si
binary alloys,** we systematically investigated bimetallic alloys
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composed of iron and group-IVA elements with special atten-
tion on silicon via density functional theory simulations. We
surprisingly found that Fe-Si binary alloys demonstrate excel-
lent activity towards the e-N2RR. There is an optimal Fe:Si
ratio (3:1) on which an overpotential of only 0.21 V can be
achieved and this value is among the best reported results
ever. The competing HER is also confirmed to be less selective
because of the weaker adsorption of H' than N, and the
unfavourable adsorption free energy of protons. In the case of
Fe-Ge and Fe-Sn binary alloys, their performance is not so
decent as their Fe-Si counterparts but is still better than the
benchmarked Ru. Considering the successful synthesis of
almost all candidates in this work and the low cost of iron and
silicon, our work provided an economical and practical family
of catalysts for the e-N2RR and illustrated the crucial role of
p-block elements in the design of catalysts.

2. Computational details

All spin-polarized first-principles calculations were performed
with the Vienna ab initio simulation package (VASP).****> The pro-
jector augmented wave (PAW) method*® was used to describe the
ion-electron interaction and the Perdew-Burke-Ernzerhof
(PBE)""*® form of exchange-correlation functional was applied as
generalized gradient approximation (GGA). The energy cut-off for
plane-wave basis sets was 400 eV while the convergence criteria
for energy and force were 10™° eV and 107> eV A™, respectively.
The Brillouin zones were sampled by 3 x 3 x 1 Monkhorst-Pack
grids and the vdW interaction was corrected with a zero damping
DFT-D3 method of the Grimme scheme.*® Slab models of Fe-Si,
Fe-Ge and Fe-Sn alloys were constructed with a thickness of
around 10 A. The bottom layers were fixed to mimic the bulk
property while the upper layers were set free. The sizes of all com-
putational cells were ensured to be large enough in the —xy direc-
tion and a vacuum layer of at least 16 A in the —z direction was
added to the models to separate adjacent cells.

To calculate the free energy change of each electrochemical
step, the computational hydrogen electrode (CHE) model®°
was adopted as below:

AG = AEDFT + AEZPE - TAS

where AEpgr is the electronic energy difference from standard
DFT calculations, and AEpg is the modification of zero point
energy which is obtained from the vibration energy of
adsorbed intermediates. TAS is the entropic modification and
T was set to be 298 K. The (AEzpg — TAS) term was calculated
using the VASPKIT package.” The charge transfer between the
N, molecule and the Fe;Si(001) surface was evaluated using
the Bader charge analysis.>

3. Results and discussion

Before exploring Fe-IV group binary alloys, we need to revisit
the catalytic performance of pristine iron to set a benchmark
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criterion for Fe-based alloys within the same framework.
According to previous works, the most active facets of iron in
thermocatalysis are Fe(111) and Fe(211).>® To confirm the per-
formance of these two surfaces in electrocatalysis, we had a
quick test by calculating the free energy change of N, adsorp-
tion and the first hydrogenation step as can be checked in
Fig. S1.f It is clear that within the associative mechanism
under electrochemical conditions, the Fe(111) surface suffers
from a huge free energy barrier (~0.85 eV) of the first protona-
tion step (*NN + H' + e~ — *NNH) while the Fe(211) surface
has a similar barrier (0.88 eV) for the same step, making them
inefficient for the e-N2RR.

After clarifying the intrinsic activity of iron, we screened Fe-
group-IVA bimetallic alloys of different stoichiometries within
a reasonable range from the Materials Project program.>*
Since group-IVA elements are intrinsically inert for nitrogen
reduction, we only investigated those candidates whose doping
percentage is less than or equal to one, as displayed in Fig. 1
with structures of some typical candidates. The “*” symbol
ahead of each candidate means it has been experimentally
reported. The calculated lattice parameter in this work is in
good agreement with the previously reported results as shown
in Table 1. We studied the Fe-Si binary system first and fol-
lowed the sequence from a low to a high Si-doping percentage.
The first candidate is Fe,Si which is unfortunately not syn-
thesized but we still picked it as a representative of a low Si-
doping percentage. The conventional cell of Fe,Si can be
found in Fig. S2at and we checked all three facets in the {100}
family because the geometry of the Fe,Si conventional cell is

Material ID

mp-2199

mp-1225135

mp-19800
mp-22787

d) e.3Ge; e)
Yo
/ 00
o

View Article Online
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Table 1 Previously reported and calculated lattice constants of all Fe-
based binary alloys in this work

Lattice DFT result

constant  Reported data (A) (this work, A)

Fe,Si N/A a=2.97; b =4.00; c = 18.80
Fe;Si a=b=c=5.665 (ref. 55) a=b=c=5.550

Fe,4Sis a=b=c=5.414 (ref. 56) a=b=c=5.515

Fe,Si a=b=3.93,c=4.84 (ref. 57) a=b=3.89,c=4.79

FeSi a=b=c=4.485 (ref. 58) a=b=c=4.407

Fe;3Ge; a=b=c=5.763 (ref. 59) a=b=c=5.665

Fe;Ge a=b=c=5.733 (ref. 60) a=b=c=5.666

Fe;Sn a=b=c=3.82ref. 61) a=b=c=3.767

anisotropic. The (100) and (010) surfaces were found to be
inactive to the e-N2RR due to the poor N, adsorption as con-
cluded in Table S1.f However, N, could stably adsorb on the
Fe,Si(001) facet in a horizontal mode with an adsorption
energy of —0.55 eV. Afterwards, nitrogen reduction could
happen via the enzymatic mechanism and the free energy
diagram is shown in Fig. S2b} where a limiting potential of
0.52 V is observed. This performance is quite decent compared
with many other theoretical results reported before.'>%*%

The next candidate is Fe3Si which we would emphasize
most throughout this work. Fe;Si has a cubic structure as
shown in Fig. 1c and has been experimentally synthesized pre-
viously.>® We picked the (100) surface as an example to demon-
strate the excellent performance of Fe;Si towards the e-N2RR.
Similar to Fe,Si, N, tends to be adsorbed on the Fe;Si(100)
surface via the horizontal mode as shown in Fig. 2a and the

Formula Material ID Formula
Fe,Si W mp-871 FeSi
Fe,Si W mp-601833 FeysGe,
Fe;;Sis W mp-20711 Fe;Ge
Fe,Si W mp-22461 Fe;Sn

Fe;Sn

Fig. 1 (a): Fe-group-IVA binary alloys studied in this work. (b): Eight candidates of Fe-group-IVA binary alloys with their IDs and formulas from the
Materials Project database.>* (c—e): Conventional cells of some typical atomic structures among all studied candidates.
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Fe,Si(001)

-10 -10
pDOS pDOS pDOS

Fig. 2 (a): Horizontal mode of N, adsorption on the FesSi(100) surface. (b) and (c): Top and side views of the charge density difference plot of N,
adsorption on the Fe3Si(100) surface. Yellow indicates charge accumulation and cyan represents charge depletion. The isosurface value is set to be
0.001 e Bohr™>. (d): Projected density of states (PDOS) of isolated N, N, adsorbed FesSi, and FesSi.

adsorption free energy is —0.49 eV. To reveal the nature of
such stable bonding, we performed charge density difference
(CDD) and density of states (DOS) calculations and the results
are shown in Fig. 2b-d. It is clear from the CDD plot that the
triple bond of the N, molecule is effectively weakened due to
the depletion of electrons, and a substantial 0.69e™ is trans-
ferred from the surface to N,. The DOS results also indicated
the interaction between the nitrogen molecule and the
d-orbital of surface iron atoms near the Fermi level. Both
results can clearly explain the stable adsorption of dinitrogen
and prove that N, is activated for further electroreduction.
After clarifying the preferable N, adsorption mode, we
studied the free energy evolution of the e-N2RR on Fe;Si(100)
using the CHE model as shown in Fig. 3a. In general, N,
might be reduced to NH; via either an associative or a dissocia-
tive mechanism. Nevertheless, a lot of theoretical works have
proved that direct dissociation of the N, molecule is likely to
occur in harsh environments while associative reduction
accompanied by continuous hydrogenation is preferred under
electrochemical conditions.”®>®° Therefore we only focused on
the associative e-N2RR mechanism throughout this work. The
horizontally adsorbed N, prefers the enzymatic pathway of the
associative mechanism, in which protons attack both nitrogen

atoms alternatively as shown in Fig. 3b. It has been previously
proposed that the first and last hydrogenation steps are most
probable to be the potential determining step (PDS) of the
whole reaction process.®” This is also the case of Fe;Si in
which a positive free energy change of about 0.37 eV is
observed and it is confirmed as the PDS corresponding to a
theoretical overpotential of 0.21 V. It is worth noting that this
value is among the lowest overpotentials ever reported. After
the first protonation step, *N-*NH could be readily protonated
to *NH-*NH, with two spontaneous steps with free energy
changes of —0.14 eV and —0.30 eV, respectively. The free
energy costs of the following steps are quite facile to be over-
come until the production of two ammonia molecules. Extra
calculations with an energy cutoff of 500 eV were also con-
ducted and concluded in Table S2.7 The controlled results
showed negligible difference and proved that the original
choice of 400 eV is sufficient to get an accurate outcome.

We also considered the selectivity towards NH; by investi-
gating the competing HER on our Fe;Si catalyst as shown in
Fig. S3.f The HER is a common parasitic reaction during the
e-N2RR and it may significantly decrease the FE towards
ammonia by generating unwanted H,. From the compu-
tational point of view, the adsorption free energy (AGy) is a
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Reaction coordinates

Fig. 3 (a): Free energy evolution of the e-N2RR on the Fe3Si(100) surface with PDS identified as the first protonation step. (b): Top views of adsorp-
tion configurations of all intermediates during the enzymatic pathway. Color map: bronze - Fe; blue — Si; red — N; and black — H.
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Fig. 4 Free energy diagrams of electrochemical nitrogen reduction on (a) FesGe, (b) Fe;3Gez and (c) FeszSn, respectively. The best results among

group-1V elements follow the sequence “Si > Ge > Sn".

good descriptor to evaluate the HER performance®® and an
ideal HER catalyst should possess “AGy = 0 eV”. In fact, we
analysed all possible sites for H" adsorption on the Fe;Si(100)
surface and found the bridging site to be the most favourable
adsorption site. The corresponding proton adsorption energy
deviates a lot from the optimal value, suggesting poor HER
performance. Meanwhile, since the adsorption energy of N, is
larger than that of protons, we may also conclude that N, has
an advantage over protons in competing for the adsorption
site. Above all, both poor HER activity and preferable N,
adsorption help steer the selectivity towards the e-N2RR
instead of the HER on Fe;Si(100).

Now that we have got one candidate with an appropriate
Fe-Si ratio that demonstrates excellent e-N2RR performance, it
could be intriguing to further study Fe-Si binary systems with
different atomic proportions. Since silicon is absolutely inert
for the e-N2RR, we may deduce that a high percentage of Si-
doping should deteriorate iron’s activity. This deduction was veri-
fied to be true with our next candidate Fe,,Sis, which has a cubic
cell identical to that of Fe;Si but with one Fe atom replaced by a
Si atom (Fig. S4af). This small substitution difference elevates
the largest free energy change in the whole process to about 0.63
eV which is much higher than that of Fe;Si as shown in
Fig. S4b.t The next candidate, Fe,Si, has a trigonal structure
(Fig. S4ct) which is slightly more complex than the cubic struc-
tures of Fe;Si and Fe,;Sis. We explored three different low-index
facets of Fe,Si and found that a horizontal adsorption mode of
N, would lead to a PDS free energy change of 0.92 eV as shown
in Fig. S4d,t confirming the disadvantage of the excess silicon
dopant. The last studied Fe-Si compound here is FeSi in which
silicon possesses the same structural proportion as iron. It is
found that the free energy changes of the first hydrogenation
step for two different adsorption modes are both even larger
than those of pristine Fe(111) and Fe(211) (Table S37), preventing
our further exploration of higher Si-percentages. To briefly sum-
marize, we investigated five FeSi, (0.25 < x < 1.00) binary alloys
for their performance towards catalysing the eN2RR and
obtained an ideal candidate (Fe;Si) with excellent activity
together with suppression of the competing HER.

Realising the positive role of Si in promoting the e-N2RR
activity of iron, we extended the range to other group-IVA

4446 | Inorg. Chem. Front, 2023, 10, 4442-4449

elements such as germanium and tin. For simplicity, we only
picked those being experimentally synthesized and having the
same or close doping percentage of 1/3, due to previous vali-
dation of Fe;Si. These criteria lead to the choice of Fe;Ge,
Fe;3Ge; and Fez;Sn. We investigated the energy evolution files
on them following the same procedure as above and con-
cluded the results as shown in Fig. 4. Among the three candi-
dates, Fe,3Ge; has a limiting potential of 0.65 V and the value
is 0.79 V for Fe;Sn. As a general trend, the best results on Fe-
group-IVA binary alloys follow the trend “Si > Ge > Sn” which is
inversed as their atomic diameters.

4. Conclusions

Based on previous works where p-block elements were
reported to play a positive role in enhancing the activity of TM-
based catalysts, we studied existing Fe-group-IVA binary alloys
towards e-N2RR by density functional theory calculations. We
surprisingly found that inert silicon could substantially promote
the catalytic activity of pristine iron. The activity of FeSi, alloys
would initially increase with the addition of Si and then decrease
if too much Si is alloyed with iron. The optimal Si-doping percen-
tage was confirmed to be 1/3 and the theoretical overpotential on
Fe;Si is only 0.21 V which is among the best reported results
ever. The robustness against the HER on Fe;Si was also verified
and the e-N2RR is favourable over the HER. The performance of
several Fe-Ge and Fe-Sn bimetallic alloys was also briefly
checked, and the best performances within both Fe-Ge and Fe-
Sn families surpass the benchmarked Ru. Since most of the
binary alloys listed here have been experimentally synthesized,
our work proposes a category of practical and economical metal-
based catalysts for e-N2RR. It might also provide a facile strategy
for further experimental verification.
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