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Electronic and energy descriptors for SACs as tri-
functional catalysts towards urea formation and
unveiling the C—N coupling mechanism

Narad Barman,? Chiranjib Majumder® and Ranijit Thapa (2 *>©

Single atom catalysts (SACs) have rapidly emerged as a cutting-edge trend in electro-catalysis for
synthesizing nitrogen-based products such as ammonia, nitric acid and urea. In the present study, we
considered NO, ™ as a specific N-based molecule, which participated in the simultaneous reduction with
CO, towards urea formation for 77 SACs. Our investigation demonstrates that among possible nitrogen-
containing intermediates generated during the simultaneous electrochemical reduction of CO, and
NO, ™, only the NH, intermediate effectively couples with CO to form urea. In the case of simultaneous
reduction towards urea formation, the NH, free energy serves as an effective energy descriptor for
identifying suitable catalysts, exhibiting a strong linear correlation with the limiting potential (R> = 0.93).
Additionally, we observed a strong Brensted—Evans—Polanyi (BEP) relationship (R*> = 0.99) between the
NH, adsorption energy and the activation energy of the coupling intermediate (CONH,). Furthermore,
the out of plane d-sub orbitals (d,, d,, and d,2) of the transition metal (TM) were analysed to uncover
the electronic origins of urea reactivity. Owing to the strong interaction between the d-sub orbitals of
the TM and the sp® hybrid orbitals of NH,, occupancy of the d,, orbitals plays a significant role in
determining catalytic activity. This is evidenced by a linear correlation (R?> = 0.73) between orbital
occupancy of d,, and NH, adsorption energy for all systems, identifying it as the electronic origin of urea
reactivity. Our interpretation regarding the descriptor is that NH, sp® (HOMO) donates a o-electron to
the TM d-orbital (LUMO), while the TM d-orbital (HOMO) donates a *-electron back to NH, sp* (LUMO).

Introduction

In the agricultural sector, urea serves as a nitrogen-rich (46%)
fertilizer, enabling food production that sustains nearly 27% of
the world's population.* Not only as an agricultural fertilizer, its
chemical uses in numerous chemical products as feedstock
make it invaluable."” At present, the energy-intensive Bosch-
Meiser process is followed for the industrial production of urea
(NH; + CO, — NH,CONH, + H,0), (temperature >180 °C and
pressure = 150 bar) emitting large amounts of CO,.>* In stark
contrast, synthesis of urea from CO, and other alternative N-
sources such as N,, NO;~, NO,™ etc. using an electrochemical
cell under ambient conditions complies with sustainability
goals.” But, the occurance of many side reactions such as the
hydrogen evolution reaction (HER), CO, reduction reaction
(CO,RR) and NO; ™ reduction reaction (NO;™ RR) poses a signif-
icant challenge in the electrochemical synthesis of urea.*”
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Thus, developing catalysts capable of reducing CO, and
nitrogen-containing species while inhibiting the HER is of
critical importance.

To overcome this problem, transition metal-based single-
atom catalysts (TM-SACs) have shown significant potential, as
they possess superior activities for the electrocatalytic CO,RR,
NRR, NO,RR, and NO;RR, while their activity towards the HER
remains relatively low. Since 2011, first reported by Zhang
et al.,'® single atom catalysts (SACs) have become a hot topic for
various electrocatalytic reactions such as the HER,"** OER,"*™
NRR'*™ and CO,RR,"?** due to their unique metallic design
and superior catalytic performance.’®* Both theoretical and
experimental studies point out that the transition metal (TM)
centre in TM-N-C SACs is the possible active site for the CO,RR
and NO,RR. Some studies suggest that single atom catalysts not
only can reduce one molecule, but also reduce simultaneously
CO, and N-based molecules (N,, NO, ", and NO3 ). For example,
(i) Shibata et al. reported that TM-Pc SACs could simultaneously
reduce CO, and nitrite ions towards formation of urea,* (ii)
Ghorai et al. showed recently that Co-Pc supported on MoS,
could co-reduce N, and CO, to form urea,” and (iii) recently
Cheng et al. explored whether metal-N,-functionalized gra-
phene can co-reduce NO;~ and CO, towards urea formation
etc.”®
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Now, as the intrinsic activity of TM-N-C single-atom cata-
lysts (SACs) for various reduction reactions, including the
CO,RR, N,RR, NO;RR, NO,RR, and ORR, is associated with the
electronic structure of both the TM centre and the N-doped
carbon support, fundamental understanding of complex elec-
tronic behaviour is required in designing superior and cost-
effective catalysts. But, screening a large group of catalysts for
the multi-step electrocatalytic CO,RR and NO,RR fundamen-
tally is quite a challenging task. The same thing applies for urea
formation in the simultaneous reduction of CO, and NO,
using SACs, because SACs with strong activity individually for
both CO, — CO and NO,” — NH; reductions demonstrate
higher reactivity for urea formation from the co-reduction of
CO, and NO,.>® In this case, single atom catalysts operate as
tandem catalysts which can reduce simultaneously CO, and N-
based molecules (N,, NO,” and NO; ") to urea via the Eley-
Rideal mechanism even if it has a single transition metal as the
active site.**” For that, simple electronic descriptors such as the
d-band centre,?®*3° d-band frontier,** width corrected d-band
centre®” etc., can provide insight into the origin and help to
identify the promising CO,RR, NO,RR and their simultaneous
reduction (urea formation) catalysts. But, in the case of TM-N-C
SACs, the TM d-orbital splits into sub-d orbitals, thus it is better
to focus on each sub-d orbital's contribution towards reactivity
to find the electronic descriptor which can predict the catalytic
activity.**?** In addition to this, the mechanism of C-N coupling
which is an inevitable process for the formation of urea in the
simultaneous reduction of CO, and nitrate or nitrite ions, is
unclear. Some studies claim that, the co-existence of activated
CO-like precursors and ammonia like precursors (NH,) at the
catalyst's surface, formed by simultaneous reduction of CO, and
NO,, is the obligatory condition for C-N coupling.***?”3* But,
there is no theoretical proof which can support this point.
Several studies with various metal catalysts have been reported,
where the urea was synthesized by simultaneous reduction of
CO, and NO,  at gas-diffusion electrodes under mild condi-
tions.>****” Thus, identifying a suitable descriptor that captures
the complex electronic behaviour of the catalysts and eluci-
dating the C-N coupling mechanism is crucial for further
enhancing the performance of TM-N-C SACs in urea produc-
tion via the simultaneous reduction of CO, and NO,.

In this DFT study, the hybridization of the d.;, d,;, and d,
orbitals of 3d and 4d transition metals (TMs) with orbitals of the
adsorbate during three different reduction reactions, CO,RR,
NO,RR and their simultaneous reduction on TM-N-C single-
atom catalysts (SACs), was found to play a key role in deter-
mining catalytic reactivity. The manuscript will discuss that,
among these d-orbitals, the d,, orbital plays the most significant
role in predicting catalytic activity, showing strong linear
correlations for the CO,RR, NO,RR and their simultaneous
reduction across all 77 SACs. In the case of simultaneous
reduction to produce urea on TM-N-C SACs, taking C-N
coupling as an unavoidable phenomenon towards urea forma-
tion, we have come up with two mechanisms. Furthermore, the
Gibbs free energy of adsorbed NH, was identified as an effective
energy descriptor for accurately predicting urea formation
activity via the two proposed mechanisms in the simultaneous
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reduction process. Finally using molecular orbital theory, we
interpreted why d,, occupancy is the descriptor to identify
catalysts for urea production.

Results and discussion
Structural details and stability

Many studies have explored that single-atomic-layer nitrogen-
doped carbon has enough potential for TMs to be anchored,
which leads to the formation of single atom catalysts (SACs).***
Hence, in this work, to investigate the effects of N-doped
different carbon supports along with TMs on the urea activity of
TM-N-C SACs, we have selected seven types of single atom
catalysts: TM-Pc, TM-N,, TM-N;C, TM-N,C,, TM-NC3;, TM-C,
and TCNQ.*” For each and every type of SAC, 11 transition
metals, abundant in the earth, Cr, Co, Cu, Fe, Mn, Ni, Ru, Sc, V,
Zn and Pd, are taken into account (see SI Fig. 1-3).** To check
the thermodynamic stability for each catalyst we have obtained
formation energy calculations (formula details given in the SI).
In SI Table 1, we could observe that the most of the catalysts
exhibit negative formation energies (specifically TMs coordi-
nated with four N-atoms) which points out that the systems,
considered in this work, are all thermodynamically stable. In
addition, we have performed AIMD simulations for all types of
systems: TM-N,, TM-N,C, TM-N,C,, TM-NC;, TM-C,, TM-Pc
and TCNQ with Fe as the TM to cover all SACs for their ther-
modynamic stability at 300 K with 10 000 fs, each time step has
time of 2 fs.** In the case of AIMD simulations, all seven SACs,
having Fe as the transition metal, display good stability in terms
of total electronic energy (see the Fig. 1h-j). And for the inves-
tigations of electrochemical stability, we have performed
dissolution potential calculations for all the SACs. The details of
the formula and the analysis of electronic stability at different
applied potentials are provided in SI Table 6. The positive values
of dissolution potentials for the SACs (specifically TMs coordi-
nated with four N-atoms) convey that most of the systems are
electrochemically stable (see SI Table 1).

Selection of CO catalysts in CO, reduction

In the simultaneous reduction of CO, and nitrogen-based
molecules (such as N,, NO, ™, or NO; ") for urea synthesis, CO
formed from CO, serves as a key intermediate that couples with
nitrogen-derived species, unlike other CO, reduction products
such as HCOOH, CH,, or C,H,, which do not take part in this
coupling reaction. Before discussing CO, reduction and the
potential for CO formation across all 77 SACs, we examined the
effects of side reactions (HER) that can hinder the main reac-
tion. Therefore, suppression of the HER is crucial to obtain the
CO (g) product over H, (g). As the formation of CO,H or the
desorption of CO (g) from the catalyst surface is the potential-
determining step in CO, reduction, these two intermediates can
be used to evaluate the selectivity of the CO,RR over the HER.**
For the selectivity analysis, the nine best catalysts out of all 77
SACs, which are capable of suppressing the HER while forming
CO (g), are highlighted in Fig. 2a and b. These include Ni-Pc,
Zn-Pc, Ni-TCNQ, Pd-TCNQ, Cu-N,, Ni-N,, Zn-N,, Ni-N,C, and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1

(a)—(g) The optimized structures of Fe—Pc, Fe—TCNQ, Fe—Ny4, Fe—N3C, Fe—N,C,, Fe—NCz and Fe—C, respectively, and (h)-(n) the plots of

total energy vs. time using ab initio molecular dynamics simulation for Fe—Pc, Fe—TCNQ, Fe—N,4, Fe—NzC, Fe—N,C,, Fe-NCzand Fe-C at T =

300 K.

Zn-N,C,. The results for the remaining catalysts are provided in
the SI. Fig. 2a shows that, relative to the reference level of 0.0 eV,
all nine catalysts have higher hydrogen adsorption energy
barriers than the highest thermodynamic barrier in the CO, —
CO (g) pathway, which occurs at the first protonation step (* +
CO, + H' + e° — *CO,H). For instance, Ni-N,C, exhibits
a hydrogen adsorption barrier of 0.77 eV, while the first
protonation step in the CO, — CO (g) pathway has a barrier of
0.71 eV, which is 0.06 eV lower than the hydrogen adsorption
barrier. For PA-TCNQ, Ni-TCNQ, Zn-N,, Zn-N,C,, Ni-N,, Cu-
Ny, Ni-Pc and Zn-Pc, the values of the first protonation barrier,
in the CO, — CO (g) pathway are 0.17, 0.07, 2.03, 0.02, 0.05,
0.18, 0.04 and 0.21 eV less than their corresponding hydrogen
adsorption barriers, respectively. As shown in Fig. 2b, these
nine catalysts favour the formation of CO (g) over CHO forma-
tion, which has a higher endothermic barrier. This preference is
due to the lower energy required for CO desorption compared to
CHO formation, with CHO formation barriers of 0.60, 0.80,

© 2025 The Author(s). Published by the Royal Society of Chemistry

1.12, 1.17, 1.26, 1.38, 1.58, 1.71, and 1.99 eV for Ni-N,C,, Pd-
TCNQ, Ni-TCNQ, Zn-N,, Zn-N,C,, Ni-N,, Cu-N,, Ni-Pc, and
Zn-Pc, respectively. The details of the CO,RR mechanism, full
free energy profile and comparison between the CO,RR and
HER for all other SACs are provided in SI Fig. 4-8 and Table 2.

In order to identify an electronic descriptor capable of pre-
dicting the free energy of the first protonation step (AGsco,n),
which is the highest barrier in the CO, — CO (g) pathway and
thus determines the activity, we conducted electronic structure
analysis. Since CO, adsorbs in a horizontal configuration on the
surface of single-atom catalysts, its molecular orbitals interact
with the out of plane d-orbitals of the transition metal centre in
the SAC. Therefore, the characteristics of these d-orbitals can be
used to describe CO,RR activity. Various combinations of these
d-orbital contributions were tested to find correlations with the
free energy of the first protonation step (AG=co i) in the CO, —
CO (g) pathway. Among all possible orbital combinations,
occupancies of d,;, d, and d,, exhibit a good linear correlation

Chem. Sci.
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Fig. 2

(a) and (b) the comparison of CO,RR and HER selectivity and CO (g) formation over CHO with the nine best SACs; (c)-(e) the correlation of

occupancies of d,,, d,, and d,z orbitals with the free energy of the first protonation step in the CO, — CO (g) pathway for SACs with TMs
coordinated with four N-atoms and (f) correlation of the occupancy of d,, with the free energy of the first protonation step in the CO, — CO (qg)

pathway with all 77 SACs.

with AGxco,n, with R? values of 0.68, 0.73 and 0.73, respectively,
for SACs where the transition metal is coordinated by four

nitrogen atoms (the most stable configurations), as shown in
Fig. 2c-e.** When considering all 77 SACs, the d,, occupancy

remains the most influential descriptor of reactivity, exhibiting
an R value of 0.67 (see Fig. 2f). For a particular sub d-orbital of
TMs in SACs, the occupancy is calculated through integrating

Chem. Sci.

DOS up to the Fermi level (— o to 0), the area under the curve as
shown in SI Fig. S36.

Selection of the NH; catalyst in reduction of NO, ions

Since nitrite ions exhibits a higher capability than nitrate ions
for urea production during the simultaneous reduction of CO,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and nitrogen-based molecules (such as N,, NO, ", and NO; "), in
this study, we focused on the nitrite reduction reaction mech-
anism for ammonia formation.**-*” Similar to CO (g) formation
during CO, reduction, the formation of NH; in nitrite reduction
is also a necessary prerequisite for C-N coupling in the simul-
taneous reduction of CO, and nitrite ions to produce urea. As
the HER is a common side reaction in aqueous medium for any
reduction reaction (e.g. CO,RR, NRR, ORR, NO;RR, NO,RR,
etc.), examining the NO,RR selectivity against the HER is

View Article Online
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inevitable.'7?33%40:45.46 A]] 77 SACs exhibit higher NO, ™ adsorp-
tion energies compared to hydrogen adsorption energies, as
presented in SI Fig. 5 and Table 3. Consequently, the reaction
selectivity shifts towards the nitrite reduction reaction for
ammonia production rather than hydrogen evolution.

For the selectivity assessment, the 11 most promising cata-
lysts among the 77 SACs, which effectively suppress the HER
while facilitating NH; formation, are presented in Fig. 3a and b.
Among these 11 promising SACs, Zn-TCNQ emerged as the
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Fig. 3

dz2 occupancy

dz2 occupancy

dyz occupancy

dyz occupancy

(a) Full free energy profile of the NO,RR on Zn-TCNQ, (b) the mechanisms of the HER vs. NO,RR with the 10 best SACs, (c)-(h) the linear

correlation of the adsorption free energy of NHO and NO with d,,, d,, and d,2 occupancies for SACs with TMs coordinated with four N-atoms,
and (i) and (j) correlation between occupancy of d,, and free energy of adsorbed NO and NHO for all 77 SACs.
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most reactive catalyst, exhibiting a completely downhill free
energy profile up to the *NH; intermediate, and having an HER
barrier of 0.96 eV, as shown in Fig. 3a. Within this downhill
profile, the *NO — *NHO step, which is slightly exothermic
with a free energy change of —0.14 eV, can be considered the
potential-determining step (PDS). Another 10 promising SACs
have been showcased in Fig. 3b, having an endothermic reac-
tion (NO,RR) barrier (PDS), unlike Zn-TCNQ. For example, Ni-
N,C, shows HER limiting potential to be 0.77 eV, whereas in the
NO,RR it is 0.41 eV, noticed at step *NO — *NHO. For Zn-N;C,
7Zn-N,C,, Ni-TCNQ, Cu-N,C,, Ni-N,, Cu-TCNQ, Cu-N,, Zn-Pc
and Zn-N, the values of HER limiting potential are 0.95, 1.20,
1.31, 1.31, 1.50, 1.57, 1.64, 2.09 and 2.82 eV, and that of the
NO,RR are 0.18 (at *NO, — *NO,H), 0.22 (at *NO — *NHO),
0.45 (at *NO — *NHO), 0.23 (at *NO — *NHO), 0.29 (at *NO —
*NHO), 0.14 (at *NO — *NHO), 0.12 (at *NO — *NHO), 0.12 (at
*NO — *NHO) and 0.30 eV (at *NO, — *NO,H), respectively.
The detailed NO,RR mechanism, full free energy profile and
comparison with HER activity and PDS values of other SACs are
provided explicitly in SI Fig. 5, 9-11 and SI Table 3.

In the case of NO,  reduction, configuration of adsorbed
nitrite molecules follows an end-on fashion, where N of NO,
exists on top of the TM of the SAC, as shown in SI Fig. 5. And the
activation of the NO, molecule can be considered as follows: the
hybridized sp? orbital of N@NO, couples with the out of plane
d-orbitals (d;, dy, and d2) of the TM atom. Hence, these d-
orbitals might be helpful in demonstrating the NO,RR activity.
Several combinations of these d-orbitals were examined to have
a linear correlation with the limiting potential of the catalysts,
but nothing worked out. Instead, we have obtained a good
linear correlation between the free energy of the two interme-
diates (*NO and *NHO) and occupancies of d,,, dy, and d,:
orbitals of TMs, shown in Fig. 3c-h (considering SACs with TMs
coordinated with four nitrogen atoms, showing higher struc-
tural stability). Out of these sub-d orbitals, occupancy of d,,
played a significant role in predicting reactivity of the catalysts,
having R* values of 0.79 and 0.80 for *NO and *NHO, respec-
tively.** Furthermore, we tested occupancy of d,, for all 77 SACs
and found R* to be 0.74 and 0.73, which is a good correlation for
predicting reactivity (see Fig. 3i and j). Once these two free
energies are predicted, we can predict the catalytic activity of
a random SAC catalyst, as most of the SACs displayed step ¥NO
— *NHO as the PDS.

We also examined the linear correlation between the d,,
occupancy and AGxco,n,, AGxno and AGxyyo after including the
Ti-Pc SAC, considering Ti as the transition metal (from the 3d
block), and observed no significant change in the R* values (see
SI Fig. 35). Therefore, it can be inferred that the R> value would
remain nearly unchanged upon including Ti as the transition
metal for the other six types of differently coordinated TM-N-C
SACs.

Simultaneous reduction of CO, and nitrite ions (NO, )

In the above sections, we have elucidated the individual
performance of the 77 SACs in cases of CO, and nitrite ions
reduction reactions. We observed that a greater number of SACs
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prefer CO (g) as well as NH; formation during CO, and NO, ™~
reduction, respectively. For simultaneous reduction of CO, and
nitrite ions towards urea formation, C-N coupling is a crucial
step. Thus, in the simultaneous reduction reaction, which can
form CO (g) and NH; as well, the generated CO (g) molecule can
either couple with N-based intermediates (NO,, NO,H, N, and
NH, NH,) or with the NH,  (amino) radical, leading to the
formation of the C-N bond. The N-based intermediates are
generated via NO,” — NH; (nitrite ions to ammonia), whereas
NH, "~ (amino) radicals are generated through interaction of the
OH" radical with ammonia (NH; + OH~ — NH, ). But, single
atom catalysts, having the metal centre as the only active site,
behave as a tandem catalyst towards C-N bond formation i.e.,
they follow the Eley-Rideal mechanism for the formation of the
C-N bond. Now, because of so many N-based intermediates
formed during nitrite ion reduction, finding a suitable N-based
intermediate as a precursor for C-N bond formation is an
important task. In the case of intermediates *NO,, *NO,H and
*N, the nitrogen (N)-atom has less charge, because highly
electronegative oxygen atoms are connected to nitrogen (N) (for
*NO, and *NO,H), and the TM is connected to N (for *N). Thus,
C-N coupling through CO and these intermediates cannot be
taken into account. On the other hand, the N-atom in NH and
NH,, activated on the catalyst surface, has enough charge,
accepted from the bonded hydrogen atom, to couple with CO,
forming the C-N bond. But, C-N coupling through CO and NH
molecules is very strong, in terms of free energy, which leads to
a higher thermodynamic barrier towards urea formation
compared to the case of CO and NH, coupling (moderate in
terms of free energy), as depicted in Fig. 4b and c. Quantita-
tively, we also confirmed with Bader charge analysis, where we
have seen that the charge on N in *NH, is comparatively greater
than the any other N-based intermediate including *NH, *NO,,
*NO,H, and *N, as provided in the Fig. 4a. The C-N coupling
through CO (pre) and NH, (pre) is also agreed by Shibata et al.
reported in 2003.>* In their study, TM-Pc SACs: Co-Pc, Cu-Pc,
Ni-Pc, Fe-Pc, Mn-Pc, Pd-Pc and Zn-Pc displayed promising
catalytic activity in the simultaneous reduction of CO, and
NO, ™ towards urea formation. On the contrary, Cr-Pc, Mo-Pc,
Ru-Pc, Sc-Pc and V-Pc were found to be poor catalysts towards
urea formation. If C-N coupling occurs through CO and NH, the
poor catalysts for urea formation show, in our DFT simulations,
moderate C-N coupling in terms of free energy, whereas for
promising catalysts opposite phenomena can be observed, i.e.,,
strong C-N coupling, leading to a greater reaction barrier. This
observation is contradictory to the experimental work for urea
formation in the simultaneous reduction of CO, and NO, .**
Therefore, as a nitrogen-based molecule either the amino
radical (NH, ) or activated NH, intermediate functions as
a precursor for C-N coupling in the direction of urea formation.

Activation of CO and NH, for C-N coupling

Activation of the two precursors CO (pre) and NH, (pre),
generated through simultaneous reduction of CO, and nitrite
ions, can be demonstrated by adsorption or binding energy. The
value of binding energy for NH, (pre) is greater than that of CO

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) The Bader charge of the N-atom in the intermediates *N, *NH, *NH,, *NO, *NHO, *NO, and *NO,H of all TM—Pc SACs, (b) comparison

of Gibbs free energy during CO-NH and CO-NH; coupling, (c) the reaction barrier during urea formation for two possible coupling CO-NH and
CO-NH, pathways and (d) the charge density difference during CO-NH, coupling for TM—Pc SACs. (e) Comparison of adsorption energy of

*CO, *NH, and *CONH,.

(pre) for all 77 SACs, which means that NH, (pre) will occupy the
metal centre over CO (pre). This can be concluded from the
PDOS plots of adsorbed CO and NH,, where the density of states
for NH, (pre) observed to be spread over the energy range
compared to the case of CO (pre) (see SI Fig. 15-19). In addition,
Bader charge analysis of adsorbed NH, (pre) and CO (pre)
reveals that the NH, adsorption, having a greater charge on it, is

© 2025 The Author(s). Published by the Royal Society of Chemistry

favoured over CO on the metal site (see SI Table 5). Since SACs
have a single metal centre as their active site for any reaction to
happen, co-existence of CO (pre) and NH, (pre) can be expected
for the C-N coupling via the Eley-Rideal mechanism. And the
co-existence of precursors can only be possible if the adsorption
or desorption free energy for both the precursors is moderate,
not more negative than —1.5 eV.
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Based on the values of the adsorption energy or desorption
barrier of NH, (g) and CO (g) in the range of —1.5 to 1.5 eV, we
have selected 36 SACs among the 77 SACs, see Fig. 4e. Two
mechanisms of urea formation are proposed in the simulta-
neous reduction of CO, and nitrite ions which can be described
as follows:

Mechanism-01:

CO + NH, + * - CO + *NH, 0
CO + *NH, — *CONH, )
*CONH, + NH, — *CO(NH>), 3)

Mechanism-02:

CO + NH, + * - CO + *NH, (4)

CO + *NH, — *CONH, (5)
*CONH, + NO, — *NO,CONH, (6)
*NO,CONH, + H" + ¢ —» *NO,HCONH, (7)

>kNOzHCOl\IHz + HJr +e — *NOCONH2 + H20 (8)

*NOCONH, + H* + ¢ » *NOHCONH, + H,0 9

*NOHCONH, + H" + ¢ — *NCONH, + 2H,0 (10)
*NCONH, + H + ¢ —» *NHCONH, +2H,0 (11)
*NHCONH, + H" + ¢ — *CO(NH,), + 2H,0 (12)

In the 1st mechanism, first, NH, approaches the active site of
a given catalyst and gets adsorbed on it. Next, it couples with CO
in the 2nd step to form the C-N bond which transforms into
CONH,. Lastly, another NH, (pre) approaches towards adsorbed
CONH, and interacts with it, resulting in the formation of urea
(CO(NH,),). Whereas in the 2nd mechanism, upon activation of
CONH,, formed through coupling of CO and NH,, one nitrite
ion (NO, ) approaches the C of adsorbed intermediate
*CONH,, forming *NO,CONH,. Next, hydrogenation takes
place one by one until CO(NH,), is formed and finally desorbs
from the catalyst.

The reaction steps 1 and 2 of the 1st mechanism resemble
the steps 1 and 2 of the 2nd mechanism, and the last step of
each mechanism yields urea (CO(NH,),) as the final product.
Hence, taking the 2nd mechanism into account, in making the
free energy profile towards urea formation, is enough to
examine each and every intermediate state whether it is endo-
thermic or exothermic. In the case of TM-Pc SACs, we observed
that TMs such as Co, Cu, Ni, Fe, Mn, Zn, and Pd have the ability
of producing urea with limiting potential values of 0.28, 0.34,
0.34, 0.8, 0.41, 0.26 and 0.38 V, respectively. On the other hand,
other four (Cr-Pc, Ru-Pc, Sc-Pc and V-Pc) are neglected due to
the higher binding of NH, (<—1.5 eV) to the TM centre,
poisoning the catalyst. The PDS values of the reaction mecha-
nism for all these seven catalysts are observed to be either at
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*NH, + CO — *CONH, or *CONH,NO, — *CONH,NO,H. For
Co-Pc, Fe-Pc and Mn-Pc it is at *NH, + CO — *CONH, and
others follow the 2nd one. This agrees with the results reported
by Shibata et al. where they demonstrated that the TM-Pc SACs
with TMs such as Cr, Mo, Ru, Sc and V were unable to form urea,
whereas TM-Pc SACs with Co, Ni, Cu, Fe, Zn, Pd and Cd di-
splayed a better picture in the direction of urea formation.

The same concept was applied for the other SACs (TM-Ny,,
TM-N;C. TM-N,C,, TM-NC;, TM-C, and TCNQ), in the
simultaneous reduction of CO, and nitrite ions towards urea
formation. Most of the catalysts in these other types of SACs,
which are able to form urea like TM-Pc SACs, display PDS at
*CONH,NO, — *CONH,NO,H and some at step *NH, + CO —
*CONH,. The detailed explanation of each and every type of
SACs, with the full free energy profile, is provided in SI Fig. 12-
14. All the PDS values either at *NH, + CO — *CONH, or
*CONH,NO, — *CONH,NO,H are presented in Fig. 5b, deno-
ted as PDS1 (n,) and PDS2 (n,), respectively.

Among the 36 SACs, which are able to form urea, 13 SACs
show an endothermic barrier at ¥*NH, + CO — *CONH, ie.,
during C-N coupling. The remaining 23 SACs display a sponta-
neous process of C-N bond formation. In addition, we have
performed climbed nudged elastic band (NEB) calculations to
investigate the kinetic barrier of C-N coupling between NH,
(pre) and CO (pre), where, NH, is considered to be adsorbed on
the metal centre and that of CO is on the C-atom near to the
metal centre. Catalysts, having an endothermic barrier in the
formation of the C-N bond, exhibit a greater kinetic barrier
compared to the case of exothermic formation of the C-N bond
as shown in SI Fig. 33. Therefore, catalysts displaying sponta-
neous formation of the C-N bond are considered to be prom-
ising catalysts for urea formation in the simultaneous reduction
of CO, and NO, . Among 23 SACs, ten are found to be the best
catalysts for the reaction: Cu-Pc, Ni-Pc, Zn-Pc, Pd-Pc, Cu-
TCNQ, Ni-TCNQ, Pd-TCNQ, Cu-N,, Ni-N, and Pd-N,.

Correlation of the energy descriptor with limiting potential

In the case of mechanism-01, the coupling intermediate (step 2
*NH, + CO — *CONH,) is the main potential determining step
to decide how much external energy needs to be supplied to the
system for the reaction to occur. Thus, a linear type of correla-
tion with this coupling free energy, PDS1 (n,), with an electronic
or any intermediate energy parameter can be a great finding.
Here, we have tried with CO and NH, binding energy to get
a linear correlation with this coupling free energy. The
adsorption free energy of NH,, AG«\y,, shows a good linear
correlation with this coupling free energy, PDS1 (1), with R> =
0.93 as depicted in Fig. 5d. In addition, we also tried, consid-
ering TM-Pc SACs, to correlate the transition state barrier with
AG+yp,. And we observed a very good correlation between them,
having R*> = 0.99. Then, considering plots of Fig. 5d and e, we
explored all SACs, which are able to form urea, through a BEP
relation with R* = 0.99 (see Fig. 5f). Thus, the NH, adsorption
binding energy functions as an energy descriptor to find the
catalytic activity towards urea formation in the simultaneous
reduction of CO, and NO, .

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) The schematic of the full free energy of urea formation, (b) PDS1 and PDS2 of all SACs able to form urea, (c) correlation of PDS2 with the

the adsorption free energy of NH,, (e) the correlation of the transition

state energy of *CONH, with the adsorption free energy of NH,, (f) the BEP relation of transition state energy of *CONH, with adsorption free
energy of NH,, and (g) to (j) COHP of Cu-Pc, Ni-Pc, Fe—Pc and Mn-Pc.

In the case of mechanism-02, the potential determining step
can be observed either at *NH, + CO — *CONH, or *CONH,NO,,
— *CONH,NO,H. Thus, either PDS1 (n,) or PDS2 (n,) would be
the PDS for the mechanism-02. If PDS1 (n,) > PDS2 (7,), adsorp-
tion energy of NH, can be used as an energy descriptor for finding
catalytic activity, otherwise we need a new energy parameter for
the same. We investigated correlations of the adsorption free
energy AG+conm,no, and AG«conm,no,u With the limiting potential
(n2). The linear correlation between AG+conm,no, and the limiting

© 2025 The Author(s). Published by the Royal Society of Chemistry

potential (7,) is not up to the mark, whereas in between AGsc-
onmzno,n and the limiting potential (7,) it unveils an interesting
result. The linear correlation of AG+conm,no,u With 1, is R*=0.86
(neglecting 4 SACs, three from 3d block: Zn-N,, Zn-N,C,, Zn-
TCNQ and one from 4d block: Pd-TCNQ) (see Fig. 5c). So,
AG+conm,no, acts as an energy descriptor to predict catalytic
activity in terms of limiting potential in the 2nd mechanism of
urea formation from simultaneous reduction of CO, and NO, ™~ (if
PDS1 (1;) < PDS2 (1)
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(a) The orbital interaction between adsorbed NH, with the TM of the SAC, (b) schematic of hybridization of the free NH, molecule, (c) and

(d) schematic of coupling of the sp® hybridized orbitals of NH, with d,, d,, and d,z orbitals of the TM of the SAC, (e)-(g) the PDS of adsorbed NH,
and the sub-d orbital of the TM of the SAC showing coupling between total DOS of adsorbed NH; with d,,, d,, and d,z orbitals of the TM, (h)-(j)
correlation of occupancies of d,,, d,, and d,> with free energy of adsorbed NH, for SACs with TMs coordinated with four N-atoms and (k)

correlation between occupancy of d,, and free energy of adsorbed NH,

To see the effects of the electric field and water solvent on the
adsorption energies of the reaction intermediates and reaction
barriers, we performed two types of DFT calculations: one
including an external electric field and the other incorporating
the effect of a water solvent. For the electric field calculations,
a strong field of —0.52 x 10" V m™' was applied, and the
adsorption energies were computed for all three types of reac-
tions considered in this work on TM-Pc SACs containing nine
transition metals (TM = Co, Cr, Cu, Fe, Mn, Ni, Ru, Sc, and V).
Similarly, implicit DFT solvent calculations were performed on

Chem. Sci.

for all SACs.

the same systems. In both the cases, a constant shift of
adsorption energies can be observed (see SI Fig. 37 and 38),
which signifies that the overall trend of the reactivity across all
the systems remains constant. The explicit values of adsorption
energies, required to find reactivity of a catalyst, and the reac-
tion barrier of the nine TM-Pc SACs for the three different
reactions have been provided in SI Table 7-12. So, our work
performed with DFT using the CHE model remains reliable.
To validate the DFT calculations using the GGA PBE func-
tional, we have used another functional which is the revised

© 2025 The Author(s). Published by the Royal Society of Chemistry
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GGA PBE. The obtained values of free energies of all possible
intermediates required for finding the PDS in the case of all
TM-Pc SACs, done with the RPBE functional, are provided in SI
Table 4. We observed that the difference of limiting potential for
a particular TM-Pc SAC with two different functionals GGA PBE
and GGA RPBE is very small. So, our simulated values are
validated.

Origin of catalytic activity towards urea formation

To explore the activation of NH, (axial ligand) on the TM in
SACs, we presented a molecular orbital diagram in Fig. 6a. Here,
we have shown that the sp® hybrid orbital of NH, (HOMO) is
donating an electron (o-donation) to the unoccupied d-orbital
of the TM (LUMO), while the occupied d-orbital of the TM
(HOMO) is donating an electron (mw*-donation) back to the
unoccupied antibonding orbital of sp* of NH,. The pronounced
o donation and 7* back-donation during NH, adsorption at the
TM sites are responsible for its enhanced activation as first re-
ported by the Blyholder model for CO activation.*” Furthermore,
we evaluated the NH, binding strength through three different
analyses. Firstly, we investigated the position of the frontier
orbitals (FOs) of the transition metal (TM) centres in the single-
atom catalysts (SACs). These FOs, electronic states located near
to the Fermi level, play a crucial role in governing the interac-
tion between the TM site and the adsorbate. When the energy
gap between the TM's FOs and the HOMO or LUMO of the NH,
molecule is small, a reasonable orbital overlap and charge
transfer occur, leading to stronger binding. Conversely, when
the FOs of the TM are located farther from the Fermi level, the
orbital interaction with NH, becomes less efficient, resulting in
weaker adsorption strength (see the SI Fig. 21, 23 and 25).*
Secondly, we examined the contribution of individual d-sub
orbitals to the coupling: in the case of coupling between TM-N-
C SACs and NH,, the out of plane orbitals (d,,, d,, and d,) are
responsible for TM-NH, bond formation (see Fig. 6b-g from the
orbital and partial density of states point of view). The more the
orbitals are coupled, the stronger the bond becomes. Thirdly,
we performed crystal orbital Hamiltonian population (COHP)
analysis: in order to identify the bonding and antibonding
states below the Fermi level, COHP of the NH, bond with TM-
N-C SACs is performed.*~* If the occupied bonding states are
greater than the occupied anti-bonding states, the bond is
considered to be enough strong to bind NH, or vice versa (see
Fig. 5g-j and SI Fig. 27). By taking these three electronic points
into account, we have examined thirty possible electronic
features to correlate with the free energy of adsorbed NH,,
AGuyg, (see SI Fig. 28-32), thus determining the urea activity.
Among the 30 performed possible electronic features (namely d-
band centre, d-band occupancy, d,,, d,, and d,: centres and
occupancy-based features with spin up and spin down compo-
nents), occupancies of d,;, d,, and d, orbitals exhibit a very
good linear correlation with AG«y, as presented in Fig. 6h-j
having an R? value of 0.75, 0.83 and 0.76, respectively (presented
for SACs with TMs coordinated with four nitrogen atoms).** As
occupancy of dy, plays an important role in predicting urea
reactivity of catalysts, we tested on all 77 SACs and found R” to

© 2025 The Author(s). Published by the Royal Society of Chemistry
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be 0.73 (see Fig. 6k). Therefore, occupancy of d,, behaves as an
electronic descriptor to accurately predict the urea activity on
TM-N-C SACs. Overall, we can infer that the catalysts, having
moderate orbital coupling and greater occupied anti-bonding
states which lead to the moderate binding of NH, with TMs, will
show superior activity in the simultaneous reduction of CO, and
NO,  towards urea formation such as Cu-Pc, Cu-N,, Cu-TCNQ,
Ni-Pc, Ni-N,, Ni-TCNQ, Zn-N,, Zn-Pc, Zn-TCNQ, Pd-Pc, Pd-N,
and Pd-TCNQ. For further validation, linear regression with
cross-validation was carried out, and the corresponding MAE
(Mean Absolute Error) and RMSE (Root Mean Squared Error)
values along with the 95% confidence band are presented in SI
Fig. 39.

Conclusion

In summary, we have successfully performed DFT simulations
for the screening of (i) CO catalysts during CO, reduction, (ii)
ammonia catalysts from nitrite ions reduction and (iii) urea
catalysts in the simultaneous reduction of CO, and nitrite ions,
respectively. In the case of CO, reduction, the number of CO (g)
promising catalysts is found to be nine from all types of SACs
which can suppress the HER and CHO formation as well. For
the NO,RR, the number of best ammonia catalysts is eleven
which can suppress the HER among all types of SACs (total 77).
In the case of urea formation in the simultaneous reduction, we
proposed two mechanisms and illustrated the C-N coupling
mechanism comparing the reaction energy barrier and using
Bader charge analysis. And we found out that only the inter-
mediate NH, can couple with CO for the given reaction. In
further studies, we obtained NH, adsorption free energy as the
energy descriptor to accurately find the catalytic activity towards
urea formation which has a good linear correlation with
limiting potential (R*> = 0.93) and transition state energy of
intermediate CONH, (R> = 0.99). Another energy descriptor
AG+conn,no,u Was identified for the simultaneous reduction of
CO, and nitrite ions which also has a good correlation with the
catalytic activity in terms of limiting potential (R* = 0.86). From
the electronic point of view, d-sub orbitals especially out of
plane orbitals are observed to be the origin of urea activity. The
occupancy of d,, shows a very good linear correlation with the
adsorption free energy of NH,, with an R* value of 0.83 for SACs
where the transition metal is coordinated by four nitrogen
atoms, and 0.73 when considering all 77 SACs. Overall, this
descriptor-based theoretical study encourages, in the field of
materials science, designing efficient SACs for urea formation
in the simultaneous reduction of CO, and nitrite ions, and
further motivates exploration of different groups of catalysts
(metal, metal-based alloy, metal oxide etc.) for urea formation
by the simultaneous reduction of CO, and N-based molecules
(N, NO,™ and NO; ).
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