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The electrochemical nitrogen reduction reaction (eNRR) offers the possibility of ammonia synthesis under
mild conditions; however, it suffers from low yields, a competing hydrogen evolution reaction pathway, and
hydrogen poisoning. We present a systematic approach toward screening single atom catalysts (SACs) for
the eNRR, by focusing on key parameters computed from density functional theory and relationships
between them. We illustrate this by application to 66 model catalysts of the types, TM-Pc, TM-NxCy, and
TM-N3z, where TM is a 3d transition metal or molybdenum. We identified the best SACs as Sc-Pc, Cr-Ng,
Mn-Pc, and Fe-N,C,; these show eNRR selectivity over the HER and no hydrogen poisoning. The
catalysts are identified through multi-parameter optimization which includes the condition of hydrogen

iizzgﬁ% 151tt:/.’\\tagyu§t022§22 poisoning. We propose a new electronic descriptor O, the valence electron occupancy of the metal
center that exhibits a volcano-type relationship with eNRR overpotential. Our multi-parameter

DOI 10.1039/d25c02625b optimization approach can be mapped onto a simple graphical construction to find the best catalyst for
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1 Introduction

The Haber-Bosch process for ammonia synthesis has been
described as possibly the most important scientific discovery of
the twentieth century.® However, it requires high temperatures
and pressures, and results in high energy consumption and the
emission of greenhouse gases.? Alternative synthetic routes are
therefore urgently needed. An environmentally friendly possi-
bility is the electrochemical nitrogen reduction reaction (eNRR),
which synthesizes ammonia from nitrogen and water under
mild conditions (N, + 6H" + 6e~ — 2NH;).>® However, currently
available eNRR catalysts need improvement in three respects: (i)
the efficiency of nitrogen fixation needs to be increased,*” (ii)
the competing hydrogen evolution reaction (HER) needs to be
suppressed,®® and (iii) hydrogen poisoning of active sites has to
be avoided.'™ Transition metals are popular eNRR catalysts;
however they tend to favor hydrogen adsorption due to the
formation of strong metal d - hydrogen ¢ bonds, and also tend
to have low affinity for N, adsorption.'>'* We aim to mitigate
these problems by appropriately tuning the electronic structure
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the eNRR over the HER and hydrogen poisoning.

by altering the environment surrounding metal atoms at the
active site of single atom catalysts (SACs).**2°

In contrast to many previously studied SACs where the metal
atom was adsorbed over a suitably modified two-dimensional
(2D) support,>*~* in our systems the metal atom is embedded
within the 2D layer.>*** Moreover, in previous work, typically
only one criterion (usually the competing HER) was used to
optimize catalyst function,**** whereas we will simultaneously
optimize with respect to multiple criteria. Among embedded
SACs, the Fe-N-C system was reported to be an efficient SAC,
with a high eNRR faradaic efficiency (FE) of 56.55%, but its
efficacy is limited due to the competitive HER.** Recently, we
studied Co and Fe centers in phthalocyanines,* and concluded
that Co-phthalocyanine should be the better catalyst, with a low
eNRR overpotential.

We have performed density functional theory (DFT) based
calculations on 66 different SACs to investigate the efficiency
and selectivity of the eNRR over the HER, as well as the likeli-
hood of H-poisoning. We show that the binding energy of the
NNH intermediate and the valence electron occupancy of the
metal center are descriptors for the catalytic activity toward the
eNRR.

2 Results and discussion

We consider six kinds of systems as model catalysts: transition
metal doped phthalocyanines (TM-Pcs), four types of TM-NxCy
embedded graphene systems (TM-N,, TM-N,C,, TM-N;C,, and
TM-N;C;) and TM-N; embedded graphene systems* ™ [see
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Fig. S1 in the ESI].¥ For the metal centers, we consider the ten
3d transition metals as well as molybdenum (TM- Sc, Ti, V, Cr,
Mn, Fe, Co, Ni, Cu, Zn, and Mo).**** We thus construct 66 SAC
systems.

We first calculate the formation energies (Eg) of all the
proposed SACs, see Table S1 in the ESL.{ In experiments, the
phthalonitrile and Ph-btpy compounds are used as sources to
synthesize TM-phthalocyanine (TM-Pc) and TM-NxCy SACs
respectively.”*” Therefore, these structures are taken as refer-
ence systems when computing the Ef of the respective SACs
(Fig. 1a and b). E; is computed using the formula: Ef = Egyc +
Xy + Yun — (Erer + 2uc + Epm), where Egac, Erer, and Erqy are the
total energies of the SAC, the phthalonitrile or Ph-btpy system,
and a single transition metal (TM) atom, respectively (see SI-1 in
the ESI for details).t Here, uc is the chemical potential of
a single C atom in the phthalonitrile or Ph-btpy system. uy and
un are the chemical potentials of hydrogen and nitrogen,
respectively, taken as the total energy of 1/2H, and 1/2N, in the
gas phase. x is the number of hydrogen atoms that remain, y is
the number of nitrogen atoms that remain, and z is the number
of carbon atoms replaced in the SAC. For Ery,, we have
considered two possibilities: the total energy of a single metal
atom in the bulk system or the energy of a metal adatom. The
computed values of formation energies E; are displayed in
Fig. 1c (bulk metal as reference) and Fig. 1d (adatom as refer-
ence). The values of Er computed using metal adatoms as the
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reference energy, and the trends in the values of Erwith changes
in the coordination configuration, are in agreement with
previous reports.*® Also, the dissolution potential (Ugiss) is
calculated to examine the electrochemical stability of these
SACs considering both bulk and adatoms as sources of metal
atoms. By employing the values of Ef in the equation, Ugiss =
UaissO — Eg/ne, we calculated the Uy;ss for all 66 SACs (Fig. S2 in
the ESIf), where Ui, and n are the standard dissolution
potential of the bulk metal and number of electrons involved in
the dissolution respectively® (SI-1 in the ESI{). We see that in
most cases the value of Ef is negative, indicating thermody-
namic stability and Uy;ss is positive, indicating electrochemical
stability that shows easy formation of the systems from their
sources. Also, we have performed molecular dynamics calcula-
tions to investigate the dynamic stability of one of our catalysts
as an illustrative example. For this, we considered Mn-Pc as an
example to find its dynamic stability at different temperatures
(300 K, 500 K, 700 K, and 900 K) (Fig. S3 in the ESI}). Here, we
found small fluctuations in the planarity of the Mn-Pc molecule,
but a distortion or breaking of the bond is not observed, which
shows the high dynamic stability of these SACs.*

To study the performance of these systems (Fig. 2a-c) as
eNRR catalysts, we will plot the free energy profile of all the
steps in the reaction, and then focus on three aspects (Fig. S4 in
the ESIt): (a) binding of nitrogen to the catalyst, quantified by
the change in the free energy of N, adsorption (AGy:), (b)

adatom metal

Sc Ti V Cr Mn Fe Co Ni Cu Zn Mo

L G
o AN

Formation Energy (eV)
)

Fig.1 Examples of structures of (a) phthalonitrile and (b) Ph-btpy. The schemes show the source of metals and molecules used when computing
the formation energy (E¢) of SACs. The computed results for E for all 66 single atom catalysts, upon considering source of metal atoms as (c) bulk

and (d) adatom.
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Fig. 2 Schematic structures of (a) TM-Pc, (b) TM-NxCy and (c) TM-Nz systems. Atoms in positions 1, 2, 3, and 4 in figure (b) are replaced with
either N or C to make TM-NxCy systems (d) free energy profile of the eNRR via alternating and distal pathways, for Co-Pc. (e) Free energy profile
of N and NNH adsorption for various TM-Pcs. The numbers in parentheses indicate the corresponding values of nngg-

overpotential of the eNRR (nngrr), quantified by the free energy
change in the highest uphill step (potential determining step or
PDS) in the free energy profile,” and (c) the competing HER,
quantified by the change in the free energy of H adsorption
(AGy+): a low value of |AGy+| indicates the possibility of
hydrogen evolution, and if AGy+ < 0, one will have hydrogen
poisoning.

We first plot the free energy profile, as obtained from DFT
calculations (see SI-2 of the ESI for computational details),T at
electrode potential U = 0 V. Fig. 2d shows these results for the
Co-Pc system and further examples are shown in Fig. S5 in the
ESI.T Two possible pathways have previously been identified for
the eNRR: alternating and distal (see Fig. S6 of the ESI{).*>* We
find that for the systems considered here, the alternating
pathway is favored over the distal one, due to the lower free
energy of the NHNH* intermediate, as compared to the NNH,
intermediate. We also observe that both pathways have the
same PDS: the step from N, to NNH*.°% Furthermore, we
performed the N, adsorption calculations with a side-on
configuration on all 66 SACs to investigate the presence of the
enzymatic or mixing mechanism. The values of AGy; with end-
on and side-on configurations are listed in Table S2 of the ESIT
for a comparison. We observed that the nine TM-N; and Mo
metal center based SACs (Mo-N,, Mo-N;C;, Mo-N;C; Mo-N3, Sc-
N3, Ti-N3, V-N3, Mn-N3, and Fe-N;) show a lower free energy
value of side-on N, adsorption as compared to the end-on

© 2022 The Author(s). Published by the Royal Society of Chemistry

configuration. So, we computed the intermediate energies for
these nine SACs to plot a full free energy profile of the eNRR (as
shown in Fig. S7f) and compared them with the end-on
pathway. It is seen that the both end-on and side-on N,
adsorption pathways have the same PDS step (N, to NNH*) but
a small change is observed in the value of overpotential. In the
case of the other 57 SACs, the adsorption of N, in an end-on
form is more favourable than that in a side-on configuration.
So, the enzymatic or mixed mechanism is not feasible in these
systems.**

We will now screen these 66 SACs, imposing the three
conditions mentioned above. As the first screening step, we
demand that AGy: be negative, indicating a favorable
exothermic reaction. As an example, in Fig. 2e, we compare the
results for the free energy profile of N, and NNH adsorption for
the 11 TM-Pc systems; the values of nygrg and the corresponding
overpotentials toward the eNRR are given in parentheses in the
figure. The results for the remaining systems are given in Table
S1 and Fig. S8 in the ESL.f We find that AGy;: <0 for 65 of the 66
SACs (the single exception is Cr-Pc). We also note that our values
of AGy; (—0.41 eV) and nyre (0.98 V) for the Fe-Pc system are in
fairly good agreement with previously reported values of
—0.39 eV and 0.85 V respectively.®> The metal centers of TM-Pc,
TM-N, and TM-N; may influence the nearby carbon (C) and
nitrogen (N) sites due to their electronic environments. We
therefore also investigated N, and NNH adsorption on the other

Chem. Sci., 2022, 13, 10003-10010 | 10005
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possible sites (C and N) of Sc-Pc, Sc-N,, Sc-N; and of pristine
phthalocyanine (without metal center) systems (see Fig. S9 and
S10 of the ESIT). Importantly, very high values of eNRR over-
potentials are obtained on all the carbon and nitrogen sites.*®
Therefore, the nitrogen and carbon sites of these SACs are
unable to promote the eNRR, due to the weaker binding of the
NNH intermediate. However, we see that changing the metal
center in the SAC also does not succeed in enhancing the
adsorption of NNH on nitrogen and carbon sites (Fig. S11 of the
ESIT). Furthermore, we have considered the counter anion “Cl”
for Sc-Pc and V-Pc SACs to mimic their +3 oxidation state and
estimate the free energy profile of N, and NNH adsorption (see
the comparison in Fig. S12 of the ESI{). We find that the pres-
ence of the Cl anion can improve the selectivity of the catalyst
for the eNRR over the HER by increasing the value of +AGy-+.
Earlier authors have proposed various descriptors to capture
the behavior of catalysts.* We demonstrate two such
descriptors: an energetic one and an electronic one, to correlate
with nngrr for the SACs considered here. On plotting the data for
all 66 systems, we see (Fig. 3a) that nygy correlates linearly with
AGnni the change in the adsorption free energy of NNH (R* =
0.88). This underlines the key role played by the NNH* step in
the eNRR and confirms that AGnyy+ is an energy descriptor for
the performance of SACs toward the eNRR. We note that there
are previous reports where AGnng+ has been used as
a descriptor to screen the eNRR performance of various cata-
lysts. 124659647376 We find that Oy, the valence electron occu-
pancy of the metal center, is an electronic descriptor which
exhibits a volcano-type relationship with nygrg for all 66 SACs
(see Fig. 3b). It is clearly observed that the value of Oy, on the
metal center should be less than 8e to obtain nygr < 1 V. In the
case of Ni-, Cu- and Zn- based SACs, the O, value is more than
8e and nngrr > 1 V. So, the descriptor Oy, is an origin, which is
more effective to define the eNRR activity for various SACs. In
addition, we have plotted the eNRR activity as a function of
other frequently considered parameters, such as the “d-band
center” and “Bader charge” but find that these quantities do
not show any correlation with nyrr and they are not appropriate
descriptors to define the eNRR activity of SACs with different
metal centres, as has also been reported in the previous
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studies®** (Fig. S13 in the ESIT). Furthermore, we have obtained
charge density difference plots to gain insight into the effect of
different environments and metal centers on adsorption prop-
erties (see SI-3, Fig. S14 and S15 in the ESI{). Our results show
that it is possible to modify the performance of SACs by
changing the surrounding environment and Oy, of the metal
centers. Considering the optimum value of nygrgr as a second
screening criterion, we demand that nyrr < 1 V.>® We find that
42 of the 65 SAC systems (left after screening step 1) satisfy this
criterion. Furthermore, we computed the N-N bond length after
adsorption to analyse the activation of N, by each SAC* (see
Table S3 in the ESI}). It is seen that the weak activation of N, (N-
N bond length close to 1.11 A) obtained mostly on Ni-, Cu- and
Zn- based SACs leads to a higher eNRR overpotential (>1 V).'”**
Also, we observed that the mainly TM-N; and Mo-center based
SACs show a large expansion in N-N bond length. So, we
correlated the values of N-N bond length with the energy
descriptor, AGnynu+ and the linear relationship is observed with
an R* of 0.85 (Fig. S16 in the ESI}). Through charge density
differences, the N, activation can be visualized on different
metal centers in the TM-Pc system (Fig. S17 in the ESI{).

We now come to the third screening step. As mentioned
above, both the FE and the NH; yield of the eNRR are highly
impacted by the competing pathway of the HER. In Fi. S18 of the
ESI,T we present our results for the free energy profile of the
HER for all 66 SAC systems. We will now demand that the free
energy of adsorbed H, AGy~ > 0, since this will lead to low H
poisoning. To enable comparison, we plot the values of AGy+ of
all 66 SACs in Fig. 4a. We see that changing the environment of
the metal centers has an impact on AGy+.*' Moreover, for each
metal center, the trends in changes in AGN; and AGynp* are
similar (Fig. S19 in the ESIf). We find that 36 of the 66 SACs
have AGy+ > 0, and therefore should show no H poisoning.
However, of the 42 SACs left after screening step 2 (nnrr <1 V),
only 16 SACs have AGy+ > 0 (see Table S1t). Of these, we
consider, for four different metal centers, the best SACs (Sc-Pc,
Mn-Pc, Cr-N, and Fe-N,C,) to display the computed free energy
profile of H, N, and NNH adsorption (see Fig. 4b). We empha-
size again that for these four SACs, AGy+ > 0 and AGy; <0 and
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(a) Correlation between eNRR overpotential nyrr and AGynw+ and (b) correlation between nyrg and valence electron occupancy (O, ,) of
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Fig. 4 (a) Bar chart showing the values of AGy« for different metal centers, data for all 66 SACs and (b) comparison of the values of AGy+, AGN;
and nnrrof the eNRR for the 4 ‘best’ SACs, viz., Sc-Pc, Mn-Pc, Cr-N4 and Fe-N,C,.

they have high selectivity for the eNRR over the HER, as well as
low nngr (<1 V).

Thus, the optimal SAC for the eNRR should satisfy multiple
criteria; we now show that this screening procedure can be
visualized in a simple way that should prove very useful. We
define five equations corresponding to these criteria and
represent them graphically, as shown in Fig. 5. First, in Fig. 5a,
for the 65 SACs that satisfy the first criterion AGy: <0 (i.e., all
except Cr-Pc), we plot AGyx vs. AGy:. In general, as AGy:
becomes more negative, so does AGy:. However, 35 SACs have
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Fig. 5

AGy; <0 and AGy+ > 0, making them suitable catalysts for the
eNRR. For the remaining 30 SACs (mostly Mo-, Ti-, and V- based
SACs and TM-N3), AGy: <0 and AGy-« < 0, favoring hydrogen
poisoning as well as the possibility of the HER.

In Fig. 5b, we plot AGy+ vs. nngr for the remaining 65 SACs.
We separate the data in the plot into five different regions, as
follows:

Region 1: AGy; <0 and AGu, <0 and nyggr < |AGH.|
(b) 24 .
16} 3 )
1 Sc-Pc e a ox
S‘ 0.8} ‘2 x %o
&)/ u A% 00 ae0 s
> 0.0 . Lo« 2
= ° s ot " .
O osfgr it 5
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- 4 ! . 1 . 1 N L . L
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MO Tl [ ] *Fe'
‘09 B T Ti K\\,
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(a) Free energy of adsorption of H vs. free energy of adsorption for N,, for 65 model SACs (all except Cr-Pc). (b) Free energy of adsorption

of H vs. overpotential of the eNRR for 65 SACs, with the plot being divided into 5 regions; panels (c) and (d) show zoomed in views of Regions 2

and 4, respectively.
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Region 2: AGy: <0 and AGy:>0 and nygr > |AGh+|

Region 3: AGy» <0 and AGy«>0 and ngr>1V

Region 4: AGy: <0 and AGu: <0 and nygg < |AGpx|

Region 5: AGy: <0 and AGu+<0 and NNrR > |AGhx|

We predict that SACs that fall in Region 1 will have optimal
performance, with very high eNRR selectivity over the HER.
We can see from Fig. 5b that only Sc-Pc falls in Region 1, and
the corresponding values of AGys, AGN;, and nnrr are
(+0.95 eV, —0.78 eV, 0.88 V). 15 SACs are found to lie in Region
2, mostly Mn, Cr, Fe and Co-based SACs (see Fig. 5¢). These
have high N, adsorption and low H poisoning, making them
selective toward the eNRR; however, as |[AGy+| < nngg, they
have a possibility, though low, of the HER. The SACs in Region
3, which mostly have Ni, Cu and Zn centers, should have the
lowest H poisoning, but they have a large nygr > 1V, leading
to a low NH; yield. In Region 4 (see Fig. 5d) there are 14 SACs
(Mo, Ti, V centers and TM-N3), which have nygr < AGy+, so the
HER should be suppressed; however, they have a high likeli-
hood of H poisoning (AGy+ < 0). In Table S4,T we show that,
indeed, lower yield and FE are obtained for Region 4 SACs as
compared to Region 2 SACs, upon extracting data from
previously reported experimental studies. Finally, in Region 5,
we have the 16 most undesirable SACs, where the eNRR is
disfavored and the HER is likely favored. For easy under-
standing, a flowchart is given in Fig. S20 of the ESIf to visu-
alize the screening process and criteria of catalysts for the
eNRR.

Finally, motivated by the fact that experiments are usually
carried out in an aqueous environment, we have performed DFT
calculations using an implicit solvation model, to understand
the effect of the solvent water.?>® First, as a benchmark, we
computed the solvation energy of a water molecule using this
model, obtaining a result of 0.31 eV, which is close to the re-
ported experimental value of 0.27 eV.*> Next, we calculate the
free energy profile of N, and NNH adsorption of Cr-N,, Sc-Pc,
Mn-Pc and Fe-N,C, SACs using the implicit water solvation
effect (Fig. 6a). The free energy profile of N, and NNH adsorp-
tion without solvation is shown in Fig. 6b. On comparing the
two figures, we observe that there is only a very small change in
the free energy steps due to the presence of the solvent. The
presence of the solvent leads to essentially negligible changes in
the overpotential values, for these four SACs. In Fig. S21 of the
ESI,T we have plotted a full free energy profile for the eNRR, with
and without the implicit solvent, for Cr-N, SAC. The changes in
the free energy steps are very small in the whole free energy
profile. Therefore, we can infer that the effect of solvent is not
sufficient to change the reaction mechanism, as has also been
reported in previous studies.’”"**
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Fig. 6 Computed free energy profiles of N, and NNH adsorption on
Cr-Ng4, Sc-Pc, Fe-N,C,, and Mn-Pc in (a) the presence of an agueous
solvent and (b) vacuum. The corresponding values of overpotential are
given in parentheses in the figure legends.

3 Conclusions

In summary, we have screened 66 different transition metal-
based SACs for possible use in the eNRR. To determine the
best possible catalyst, we have considered three factors: N,
adsorption, hydrogen poisoning and the overpotential of the
eNRR. Here, the valence electron occupancy (Oy,) is identified
as a new electronic descriptor that can predict the overpotential
value. We emphasize that having a low nyrr alone does not
suffice to indicate a suitable eNRR catalyst, since if the
adsorption free energy is higher for H than for N,, active sites
will be poisoned, hindering the eNRR. We present a simple
graphical procedure for identifying the most promising cata-
lysts. To carry out this procedure, one has to compute only AGy+
and AGnnu+, the changes in the free energies of H and NNH
adsorption, respectively (note that nygrr can be deduced if
AGynm+ is known). The most promising candidate is identified
as Sc-Pc, which we predict will have no H poisoning and will be
highly selective for the eNRR over the HER. Moreover, we
predict that Mn-Pc, Cr-N,, and Fe-N,C, should also be highly
efficient, with low overpotential (nxgr < 1 V) toward the eNRR
and no H poisoning.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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