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Superior Electrocatalyst

Mo,P Monolayer as a Superior Electrocatalyst for Urea
Synthesis from Nitrogen and Carbon Dioxide Fixation:

A Computational Study

Dongxu Jiao, Zhongxu Wang, Yuejie Liu*, Qinghai Cai, Jingxiang Zhao*®, Carlos R. Cabrera,

and Zhongfang Chen*

Urea synthesis through the simultaneous electrocatalytic reduction of N, and
CO, molecules under ambient conditions holds great promises as a
sustainable alternative to its industrial production, in which the development
of stable, highly efficient, and highly selective catalysts to boost the
chemisorption, activation, and coupling of inert N, and CO, molecules
remains rather challenging. Herein, by means of density functional theory
computations, we proposed a new class of two-dimensional nanomaterials,
namely, transition-metal phosphide monolayers (TM,P, TM = Ti, Fe, Zr, Mo,
and W), as the potential electrocatalysts for urea production. Our results
showed that these TM,P materials exhibit outstanding stability and excellent
metallic properties. Interestingly, the Mo,P monolayer was screened out as
the best catalyst for urea synthesis due to its small kinetic energy barrier
(0.35 eV) for C—N coupling, low limiting potential (—0.39 V), and significant
suppressing effects on the competing side reactions. The outstanding
catalytic activity of the Mo,P monolayer can be ascribed to its optimal
adsorption strength with the key *NCON species due to its moderate positive
charges on the Mo active sites. Our findings not only propose a novel
catalyst with high-efficiency and high-selectivity for urea production but also
further widen the potential applications of metal phosphides in

1. Introduction

Urea is the fertilizer with the highest nitrogen
content, contributing significantly to global
agricultural growth and ensuring the survival of
most of the world’s population.!' 1 At present,
the world production of urea is about 100 mil-
lion tons year™ ', which mainly comes from the
reaction of CO, and NH; under high tempera-
ture and pressure conditions (at temperature of
150-200 °C and pressure of 150-250 bar).[*]
As matters stand, the main source of NHj
comes from the conventional Haber—Bosch
method, which also requires drastic reaction
conditions, leading to a consumption of about
2% of the global energy.l"*! As a result, fossil
fuels will be heavily consumed and cause seri-
ous damage to the environment. To this end,
the search for a green and sustainable urea syn-
thesis under ambient conditions is essential for
the development of human society.

Compared with huge energy consumption
in the current industrial processes, the electro-

electrocatalysis.
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chemical urea synthesis by the direct reaction

between N, and CO, under milder conditions

has emerged as a more attractive alternative
approach (N, + CO, + 6H" — CO(NH,), + H,0)."#1 However,
most electrocatalysts show low activity during urea synthesis progress
due to the difficulty of activating N, and CO, molecules and the slug-
gish C-N coupling. In addition, the complex product distribution and
non-negligible competing reactions, especially nitrogen reduction reac-
tion (NRR) and hydrogen evolution reaction (HER), also lead to the
selectivity problem in this process.l”'”) Therefore, further developing
high-performance electrocatalysts to overcome the above challenges is
an urgent task to advance efficient and environmentally benign urea
production.

Remarkably, in a pioneering work, Chen et al.l"'! fabricated the
Pd—Cu alloy nanoparticles on TiO, nanosheets as an electrocatalyst and
demonstrated that urea could be produced via direct coupling of N,
and CO, molecules in water under ambient conditions. More-
over, Zhang’s group successfully synthesized BiFeO;/BivO,!"*! and
Bi-BiVO,["*) heterostructures to promote urea formation by accelerat-
ing local charge redistribution, while inhibiting CO poisoning and
improving selectivity. They also designed unique frustrated Lewis pairs
in MOOH!"* and Ni;(BO;),!"*! to enhance the adsorption ability of
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N, and CO,, and thus improve the catalytic performance for urea syn-
thesis. Nevertheless, the bulk materials-based catalysts usually suffer
from their limited and ambiguous active sites. Thus, further designing
highly active and selective electrocatalysts with uniform, specific, and
abundant active sites that can simultaneously capture and activate N,
and CO, to form urea is highly crucial.

Compared with other nanomaterials, two-dimensional (2D) nano-
materials exhibit even more outstanding properties, such as larger
specific surface area and more abundant active sites, thus endowing
them as promising catalysts for many important electrocatalytic reac-
tions, such as oxygen reduction/evolution reactions (ORR/OFR), HER,
CO, reduction reaction (CO,RR), and NRR.['*"*) Among various 2D
nanomaterials, transition metal phosphides (TMPs) are of particular
interest in electrocatalysis due to their abundant structures and excellent
catalytic performance.”** For example, Zhu et al.”**! reported that
the fabricated MoP, nanosheet shows exceptionally high catalytic activ-
ity toward HER. Yang et al.l20] successfully synthesized 2D Co,P nano-
materials to effectively catalyze OFR. Theoretically, Lou et al.”*®]
identified a novel Mo,P; monolayer with a Janus structure as electrocat-
alyst for HER, while our most recent theoretical study suggested that
the as-designed Pt,P; monolayer can serve as a promising bifunctional
catalyst for HER and CO,RR.1*"?

Although 2D nanomaterials possess outstanding properties and wide
applications in electrocatalysis, good catalytic performance for urea syn-
thesis has been revealed in only a few 2D materials, namely,
MBenes,*'1 CuB,,,**! and Si-doped graphitic carbon nitride (g-C4Ny)
sheet.**] Thus, very likely other 2D nanomaterials have potential as
electrocatalysts in the urea industry but escaped our attention so far.
With diverse structures and excellent properties, 2D TMP materials
came up as the top candidates for our exploration.

Herein, by means of comprehensive density functional theory (DFT)
computations, we systematically studied the catalytic performance of a
new kind of 2D transition metal phosphides (TM,P, TM = Ti, Fe, Zr,
Mo, and W) monolayers with rich exposed metal atoms on their basal
plane for urea electrosynthesis. We found that N, and CO, molecules
can be simultaneously chemisorbed on TM,P surfaces. Surprisingly, the
sufficiently activated N, and CO, can be easily coupled on the Mo,P
monolayer to form a key *NCON intermediate with a rather low kinetic
barrier of 0.35 eV, which can be further hydrogenated to urea produc-
tion with a small limiting potential of —0.39 V along an alternative
mechanism. More importantly, the catalytic trends of these TM,P candi-
dates are highly related to their adsorption strength with *NCON spe-
cies, which can be explained by the remarkable difference in the positive
charges of the exposed metal-active sites. Thus, the 2D Mo,P monolayer
is expected to be a high-performance electrocatalyst for urea synthesis.

2. Computational Models and Methods

Our spin-polarized DFT calculations were performed with the plane-
wave basis set as implemented in the Vienna Ab Initio Simulation Pack-
age (VASP).B“S] The projector-augmented wave potential was
employed to describe the interactions between electrons and ions. 2371
The exchange—correlation interactions were determined by the
Perdew—Burke—Ernzerhof functional within the generalized gradient
approximation, [38]
plane-wave basis set. The convergence criteria for the residual force and
the energy on each atom during structure were set to 0.03 eV A™'and

107" €V, respectively. The empirical correction in Grimme’s method

and a cutoff energy of 550 eV was adopted for the
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(DFT + D3) was used to describe the van der Waals interactions.!

The climbing image nudged elastic band (CI-NEB) method was utilized
to locate the involved transition states."**! The adsorption energy (Fuqs)
of adsorbed species on the catalyst surface was defined as E,qs = Eora —
Eadsorbate - Eca(alysu in which the Elolal» Eadsorbate’ and Esu.rface represent
the total energies of adsorbed species on the catalyst, isolated adsorbate,
and catalyst, respectively. According to this definition, a more negative
E,q4s TEpresents a stronger interaction between adsorbate and catalyst.

TM,P-based catalysts were built using a 5 X 5 supercell, in which a
vacuum space of 15 A in the z-direction was employed to avoid the in-
teractions between adjacent periodic images. A 3 X 3 X 1 Monkhorst—
Pack k-point mesh was adopted to sample the 2D Brillouin zone for
structure optimizations, while a denser 15 X 15 X 1 k-point was used
for electronic property computations. The band structures were com-
puted by the Heyd-Scuseria—Ernzerhof hybrid functional.'*'**! Ab ini-
tio molecular dynamics (AIMD) simulations using the NVT
ensemble!**] were carried out to evaluate the environmental stability of
Mo,P materials. The phonon spectra were computed to assess their
kinetic stability based on the density functional perturbation theory
using Phonopy code.**) The change in the Gibbs free energy change
(AG) for each possible step during the electrochemical synthesis of urea
was obtained using the computational hydrogen electrode model,[***¢]
and further details on the computations of free energy diagrams and
limiting potentials are given in the Supporting Information.

3. Results and Discussion

3.1. Structures, Stabilities, and Properties of TM,P Monolayer

Figure 1 presents the schematic structure of a 2D TM,P monolayer,
and the corresponding structural parameters are summarized in Table
S1, Supporting Information. Clearly, there are two metal and one P
atoms in the unit cell of a TM,P monolayer, forming a three-atom-
thick layer with a sandwich structure, in which the metal atoms are
exposed on the outmost layers. Interestingly, each metal atom on the
basal plane of the TM,P monolayer binds with three P atoms, thus
exhibiting a low coordination number, which is conducive to chemo-
sorbing and activating the inert N, and CO, molecules. Furthermore,
according to the computed electronic band structures (Figure S1, Sup-
porting Information), all the five TM,P monolayers examined here have
several bands across the Fermi level (Eg), thus are metallic and have
excellent electronic conductivity. Note that the above results are well
consistent with previous theoretical investigations.[u’so]

The stability of a given catalyst is always an unavoidable issue for its
practical application. To this end, we evaluated the thermodynamic,
dynamic, and mechanical stabilities of these TM,P catalysts. Thermo-
dynamically, the cohesive energies of the Ti,P, Fe,P, Zr,P, Mo,P, and
W,P monolayers are computed to be 5.02, 4.53, 5.28, 5.38, and
6.15 eV atom™' (Table S1, Supporting Information), respectively,
which are comparable (even higher) to those of some well-established
2D nanomaterials, such as phosphorene (3.30 eV atom™"),") Fe,Si
(4.32 eV atom_l),[sz] and FeP; (4.13 eV atom_l),[l’s’m’”] suggesting
their good thermodynamic stability. Dynamically, the phonon spectra
of these TM,P-based materials were examined (Figure S2, Supporting
Information), and no imaginary phonon modes were found in their
entire Brillouin zones, thus indicating their good kinetic stability.

© 2022 The Authors. Energy & Environmental Materials published by
John Wiley & Sons Australia, Ltd on behalf of Zhengzhou University.

0Q ‘T ‘¥T0T ‘9SE0SLST

:sdny woiy papeoy

AsU2DIT suowwo)) dAnear)) a[qesrjdde ayy £q pauIA0S a1e SAOIME V() 3SN JO I[N 10§ AIRIQIT duIuQ AJ[IAY UO (SUONIPUOI-PUB-SULIA)/WI0D ASIM ATeIqI[aur[uo//:sd)y) suonIpuoy) pue suua [, A 3§ “[$702/€0/62] U0 A1eiqry aurjuQ AS[IA\ 091y OHANg SUBIYO0D) AQ 96HT [ TWA/Z00 1 (] /I0P/WOd A[IM"



Energy &
Environmental Materials

intermediates (Figure 2). Roughly the whole
process of urea synthesis can be divided into
three stages: 1) strong co-adsorption of N, and
CO, molecules, which is a prerequisite for urea
formation; 2) coupling reaction of C-N bond;
and 3) hydrogenation of the coupled intermedi-
ate. Meanwhile, three main competing reactions,
including NRR, CO,RR, and HER, should be sig-
nificantly suppressed to ensure the high selectiv-
ity of catalysts toward urea production.

Thus, we first examined the adsorption of N,
and CO, molecules on the basal planes of these

Figure 1. a) Top and b) side views of the schematic structure of TM,P monolayer. The red-dashed T)\,p monolayers, in which the Mo,P monolayer

lines represent a unit cell of the TM,P monolayer.

Additionally, their computed elastic constants (Table S2, Supporting
Information) well satisfy the Born criteria (C;,Cy; — Cp’>0;
Ces > 0),1°* implying their excellent mechanical stability.

An important advantage of 2D nanomaterials in catalysis is their
abundant active sites. We thus evaluated the density of active sites (pas)
of these TM,P monolayers, which can be determined by the total num-
ber of active sites per unit area. The computed p,g values are in the
range from 1.50 X 10'® t0 2.53 X 10"° site cm > (Table S1, Support-
ing Information), which is much higher than those of Ti,CO,
(1.30 x 10'° site cmfz),[sﬂ Mo,C (1.39 X 10" site cmfz),[ss] Mos,
base (1.14 x 10" site cm™%),F°*) MosP; (1.09 X 10" site cm™?),[**
and FeP; (6.72 X 10'* site em™2),1*%) suggesting their rather abundant
active sites. Furthermore, there is an obvious charge transfer from metal
to P atoms, resulting in the significant accumulation of positive charge
on the exposed metal atoms (Table S1, Supporting Information), which
may be also beneficial for the capture and activation of inert N, and
CO,; reactants.

3.2. Catalytic Performance of TM,P Monolayer Toward Urea
Production

After confirming the unique geometrical structures, excellent stability,
inherent metallicity, and abundant active sites, we further explored the
catalytic performance of these TM,P monolayers for urea synthesis. Note
that the reduction of N, and CO, in the aqueous solution to produce

. . . [32] . . .
urea is a quite complicated process and involves various reaction

was chosen as a representative for detailed discus-
sions. For the N, adsorption, both end-on and side-on configurations
were considered. We found that thermodynamically the N, molecule
prefers being adsorbed on the bridge sites of three Mo atoms via the
side-on pattern, in which each N atom bind with three adjacent Mo
atoms, leading to the formation of five Mo—N bonds with the lengths of
2.10-2.24 A (Figure 3a), and the computed adsorption energy (AE.g,)
of N, molecule is —1.99 eV, which is more negative than that of the
end-on pattern (—1.34 €V, Figure S3, Supporting Information). After
considering zero-point energy and entropy contributions (Table S3,
Supporting Information), the free energy change (AG) for N, adsorp-
tion turns into —1.37 eV, suggesting strong N, chemisorption (denoted
as *N,), which is also reflected by the obviously elongated N-N bond
length (1.31 A& for *N, vs 1.10 A for free N;). Then, the co-adsorption
of CO, and N, molecules on the Mo,P monolayer was explored, which
could greatly affect the subsequent C-N coupling. After considering dif-
ferent possible initial configurations (Figure S4, Supporting Informa-
tion), we found that CO, is preferable to be chemisorbed on the bridge
site adjacent to the *N, species with the AE,4; of —1.23 €V. In this con-
figuration, both C and O atoms of *CO, bind with Mo active sites (Fig-
ure 3b), and the O-C—O bond angle is bent by about 47°. Thus, two
inert reactants, N, and CO,, can be simultaneously chemisorbed on the
Mo,P monolayer, leading to their sufficient activation as revealed by the
computed projected density of states due to the strong hybridization
between each other (Figure 3c). Notably, similar strong adsorption of
N, and CO, molecules can be observed on other TM,P materials (Fig-
ure S5, Supporting Information).
Following the strong chemisorption of N, and CO, molecules and the
formation of the (*N, + *CO,) intermediate on

OH@Cc @~ @°

‘COOH+N,

N \ - ‘CO+'NNH S ¥ W

%.Tf,—dgrw/'co#mn\ ~

‘COOH+'N;u COOH+NHNH

ece oo_"r 81

*+COy+N, *CO+'N,

~N - > A~ Co+'NNH,
Yt

‘CO+'NH

—— Only CO,RR First ("CO)
—— Both CO,RR and NRR
—— Only NRR First ('N;H,)

*CO,+ NNH,

Aothodoa
*NHCONH —
* ” ~" *Nconx NHCON
o \/% A N HCONE Urea
o CO+N,
% n -~ * ?f) ‘N,HCON

$ of commn
- .r““\ rIf_werf_dwap_$ af_she

A" 'CO+'NHNH ‘COy+'NHNH, 'COOH+'NH;NH ‘CO+NH:NH:  yrea

the Mo,P monolayer, we explored the feasibility
% of the hydrogenation of (*N, + *CO,). Note-

worthy, after one proton-coupled electron trans-
fer step, the intermediate *N,H + *CO, or
*N, + *COOH will be formed. Interestingly,
7/ *CO, prefers being hydrogenated to form
*COOH with a AG of —0.31 €V, which is much
lower than that of *N, to *N,H (AG = 0.35 eV,
Table S4, Supporting Information). Notably,
\ though CO,* could be more easily reduced to
*OCHO thermodynamically due to its more neg-
ative AG (—1.15 eV for *OCHO vs —0.31 eV
for *COOH), the kinetic barrier to form *OCHO
(1.25 eV) is much higher than that of *COOH
formation (0.66 €V). Thus, the formation of the

Figure 2. Schematic depiction of all possible pathways for electrocatalytic urea synthesis.
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*N, + *COOH intermediate is more favorable
from a kinetic perspective. Subsequenty, the

© 2022 The Authors. Energy & Environmental Materials published by
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(b)

(c) = Mo-4d

1.0 | N2p

PDOS (State/eV)

T T which is slightly lower than those of *NCOHNH
(AG =049 V) and *NCONH, (AG =051
eV). Furthermore, *NHCONH can be hydro-
genated to *NHCONH, and *NH,CONH, with
the AG values of 0.32 and —0.30 eV, respec-
tively. Finally, the formed urea will be desorbed
from the Mo,P surface. Remarkably, the adsorp-

5 tion energy of urea on the Mo,P monolayer is

—1.70 eV, which is comparable to that of the
experimentally ~ available = Pd—-Cu catalyst
(—1.68 eV),['") suggesting that the desorption
process of urea is easily accessible, especially

PDOS (State/eV)

when electrochemical reactions occur in flow
‘ cells," 31 and thus leading to the recovery of
I 1 the active sites within the Mo,P monolayer for

Figure 3. Optimized structures of a) N, and b) N,/CO, adsorption on the Mo,P monolayer; c) the

3
Energy (eV)

»  the next catalytic cycle.
Since urea electrosynthesis proceeds in aqueous
solution, we also evaluated the solvent effect on

computed projected density of states (PDOS) of the N- and C-2p orbitals in the co-adsorbed N,/CO, the catalytic activity of the Mo,P monolayer for

species with Mo-4d orbitals of Mo,P catalyst.

hydrogenation process that occurs on *COOH leads to *CO formation, as
its AG value (—0.24 eV) is much lower than that of the competing
*N,H formation from *N, (AG = 1.44 eV). Furthermore, the E,4 of
*CO species on the Mo,P monolayer (—1.88 eV) is much more negative
than the criterion for CO release (—0.98 €V),P*] which suggests that the
formed *CO is unlikely to desorb from Mo,P surface, thus a potential CO
poisoning.

The concern of CO poisoning was relieved by our further analysis.
Inspired by the recent finding by Li’s group®'] that the formation of a
tower-like *NCON intermediate is a crucial step for urea production,
we explored the reaction pathway involving the formation of ¥*NCON
intermediate on the Mo,P monolayer via the C-N coupling reaction
(Figure S6, Supporting Information). According to our computational
results, thermodynamically, the reaction of *N, + *CO — *NCON on
the Mo,P monolayer is more favorable due to its more negative AG
value (—0.08 eV) than other competing hydrogenation steps, including
the formation of *N,H + *CO (AG = 0.33 V), *N, + *COH (AG =

2.30 eV), and *N, + *HCO (AG = 0.63 eV). More interestingly, the

C-N coupling between *CO and *N, on the Mo,P monolayer only
needs to overcome a record low barrier of 0.35 eV (Figure S6, Sup-
porting Information), which is much smaller than all the reported cata-
lysts, including CuBj, (0.54 ¢V),°*1 Mo,B, (0.58 eV),*"1 Pd—Cu
catalysts (0.79 ¢V),['') and CuPc NTs (1.67 eV),*®] suggesting its
excellent performance for C—N coupling reaction from a kinetic per-
spective. For comparison, as shown in Figure S7, Supporting Informa-
tion, the energy barriers for the hydrogenation of *N, 4+ *CO to
*N,H + *CO, *N, + *COH, and *N, + *HCO are computed to be
1.34, 1.67, and 0.85 eV, respectively, which are much higher than that
of *NCON (0.35 €V), suggesting that the C-N coupling reaction is
more favorable both thermodynamically and kinetically.

After confirming the formation of the key *NCON intermediate by
C-N coupling reaction between *N, and *CO, we investigated its fur-
ther hydrogenation on the Mo,P monolayer. It is found that energeti-
cally *NCON is favorably hydrogenated to ¥*NCONH with the AG of
—0.20 eV, whereas the formation of *NCOHN is endothermic by
0.21 eV (Table S4, Supporting Information) in the free energy dia-
gram. As the next step, *NCONH prefers to be hydrogenated along an
alternative pathway to form *NHCONH with the AG value of 0.39 €V,

Energy Environ. Mater. 2024, 7, €12496 4 of 8

urea formation. To this end, an implicit solvation

model in VASPsol was employed with the dielec-
tric constant of 80 for water.”*”! By comparing the computed AG values
of all the elementary steps of urea synthesis with and without solvent
effects (Table S5, Supporting Information), we found that these reaction
intermediates are actually stabilized (such as *N, + *COOH,
*N, + *CO, and *NCON) or destabilized (such as *NCONH,
*NHCONH, and *NH,CONH) to different degrees. However, the
change in the limiting potential for urea formation on the Mo,P catalyst
is only 0.04 V (Figure S8, Supporting Information), suggesting that its
excellent catalytic performance is almost unaffected by the solvent effect.

In electrocatalysis, kinetics is also critical in determining the perfor-
mance of a given Catalyst.[bo’él] Based on the aforementioned results,
we computed the kinetic barriers of all the elementary steps for urea
formation on the Mo,P monolayer. As shown in Figure S9, Supporting
Information, the rate-determining step (RDS) for urea synthesis on
Mo,P monolayer is the hydrogenation of *NCONH with a barrier of
1.31 €V, which is lower than that of the experimentally reported CuPc
NTs (1.86 eV) with a high yield (143.47 pg h™' mg., ") and faradaic
efficiency (12.99%).P°®1 Thus, we expected that our proposed Mo,P
monolayer can be utilized as a promising electrocatalyst for urea syn-
thesis from a kinetic perspective.

Overall, the preferred pathway of urea production on the Mo,P
monolayer by the reduction of N, and CO, can be summarized as N, +
CO, — *N, + *CO, — *N, + *COOH — *N, + *CO — *NCON
— *NCONH — *NHCONH — *NHCONH, — *NH,CONH, (Figure
4), in which the step of *NCONH — *NHCONH was identified as the
potential-limiting step due to its maximum AG value (AG.x = 0.39

eV) among all the elementary steps, corresponding to the limiting
potential (U;™*) of —0.39 V. Encouragingly, the computed U™ value
of Mo,P monolayer is comparable (or even less) to the reported Ru,B,
(=0.42 V),[°*T Mo,B, (—0.49 V), Pd—Cu catalyst (—0.64 V),[''] and
Si-doped C¢Ng (—0.79 V),[33] indicating its excellent catalytic activity
toward urea synthesis.

In addition to the Mo,P monolayer, we also evaluated the catalytic
activity of Ti,P, Fe,P, Zr,P, and W,P monolayers toward urea forma-
tion. Our computational results showed that the *NCON formation on
the Fe,P monolayer by the coupling of *N, and *CO requires a sub-
stantial input energy (0.92 eV, Figure S10, Supporting Information),
thus ruling out its capability to further generate urea. As for Ti,P, Zr,P,

© 2022 The Authors. Energy & Environmental Materials published by
John Wiley & Sons Australia, Ltd on behalf of Zhengzhou University.
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Figure 4. The energetically most favorable free-energy profile for the
reduction of N, and CO, molecules to urea product on the Mo,P
monolayer and the involved reaction intermediates.
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and W,P monolayers, however, the computed U;™ values are as high
as —1.22, —0.91, and —0.90 V (Figure S10, Supporting Information),
respectively, which are more negative than the state-of-the-art Pd—Cu
catalyst (—0.64 V),['] suggesting their unsatisfactory catalytic activity
for urea production. Thus, only Mo,P monolayer was screened out as a
promising electrocatalyst for urea production.

3.3. Urea Selectivity

In general, NRR, CO,RR, and HER are regarded as the main competing
side reactions of urea synthesis and may result in their low Faraday effi-
ciency.[“] To guarantee the high selectivity toward urea production,
the U™ should be less negative than the UM®, U™, and UM,
Thus, we evaluated the catalytic activity of the Mo,P monolayer toward
NRR, CO,RR, and HER by computing their free-energy diagrams (Fig-
ure S11, Supporting Information).

As revealed by previous reports, many Mo-based materials
exhibit high NRR activity. On the Mo,P monolayer, we found that the
UM for N, reduction to NH; via the most favorable enzymatic mecha-
nism is —0.81 V (Figure Slla, Supporting Information). As for
CO,RR, it is considerably difficult for the hydrogenation of *COOH to
*CO due to its large AG value of 0.85 eV, corresponding to the USF®
of —0.85 V (Figure S11b, Supporting Information). Interestingly, the
pre-adsorbed *N, can activate its adjacent Mo sites, inducing stronger
adsorption with *CO species and thus facilitating its further reaction
with *N, to produce the key *NCON precursor. Similarly, HER on
Mo,P monolayer is greatly hindered by the H,-release due to the high
energy input of 0.63 eV (U™ = —0.63 V, Figure Sl1c, Supporting
Information). Obviously, the Uy values of these side reactions (—0.81,
—0.85, and —0.63 V for NRR, CO,RR, and HER, respectively) are all
more negative than that of urea formation (—0.39 V), which suggests
a great suppression effect on these side reactions and thus the high
selectivity of the Mo,P monolayer toward urea production.

[63-73]

3.4. Origin of Excellent Activity of Mo,P Monolayer for Urea
Production

As revealed above, the Mo,P monolayer exhibits better catalytic activity
for urea production than other considered candidates. An interesting
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question arises naturally: why do these TM,P-based materials exhibit
such a remarkable difference in their catalytic performance for urea for-
mation?

Intrinsically, the activity of a given catalyst is determined by its
adsorption strength with reaction intermediates, namely, an ideal cata-
lyst should moderately bind with reaction species according to the
Sabatier principle.l’”*] To this end, we tried to establish a relationship
between the catalytic activities (Uj"*) and the adsorption strength of
some reaction intermediate. Encouragingly, we obtained a volcano
curve between U™ and the adsorption energies of *NCON species
(AEsncon, Figure 5a). Clearly, either too strong (such as Zr,P and
Ti,P) or too weak (such as Fe,P) binding strength with *NCON leads
to poor catalytic activity for urea production. The optimal AE«coy is
about —7.20 eV, where U"® is about —0.40 V, corresponding to the
Mo,P monolayer, which is located at the top of the volcano plot.
Thus, AE«con can be utilized as a simple and efficient descriptor to
evaluate the catalytic activity for urea synthesis, which may be useful
to rapidly predict and further design novel electrocatalysts for urea
production.

To unravel the adsorption strength difference between TM,P
monolayers and the *NCON species, we checked the relationship
between the charges (Qy;, Table S1, Supporting Information) of these
exposed metal active sites and the adsorption energies of *NCON
(AEsncon).- Interestingly, there is a good linear relationship between
AEqcon and Qry (R2 = (.88, Figure 5b), which indicates the mod-
erate adsorption of *NCON species on the Mo,P monolayer can be
ascribed to its moderate positive charges on the exposed Mo active
sites. Moreover, we performed the integrated-crystal orbital Hamilton
population (ICOHP) analyses of the adsorbed *NCON (Figure S12,
Supporting Information) and found that the *NCON adsorption
strength is weakened when the anti-bonding orbitals are below Eg.
For Zr,P and Ti,P, there are few unoccupied anti-bonding orbitals
below Eg, while above Ep the orbitals are almost fully occupied by
bonding orbitals, thus resulting in strong orbital interaction with
*NCON. In particular, there is a linear relationship between ICOHP
and AE«con (Figure 5¢), and a more negative ICOHP suggests a
stronger adsorption strength. The computed ICOHP values of these
candidates are ranging from about —2.05 to —1.09, among which
the Mo,P monolayer has a moderate ICOHP of —1.42, well consistent
with its optimal adsorption strength with *NCON to endow its excel-
lent catalytic activity for urea production.

3.5. Feasibility for Experimental Realization and Environment
Stability of Mo,P Monolayer

The aforementioned discussions revealed that the Mo,P monolayer
exhibits superior catalytic performance for urea formation. To explore
the feasibility of its experimental synthesis, we compared the formation
energy (Egm) of the Mo,P monolayer with those of several experimen-
tally available Mo,P, polymorphs using the following equation,

Eform = (EMQ\Py _XEMD_YEP)/(X + Y)

where Eypp, is the total energy of one unit cell of Mo,P, material,
while Ey;, and Ep represent the electronic energies of Mo and P
atoms, respectively (derived from their stable phases of bulk Mo
and P, cluster, respectively). According to this definition, lower
formation energy indicates higher thermodynamic stability.

© 2022 The Authors. Energy & Environmental Materials published by
John Wiley & Sons Australia, Ltd on behalf of Zhengzhou University.
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Figure 5. a) Volcano plot of urea formation. Adsorption energy of *NCON (AE-ycon) as a function of
b) the positive charge on the exposed metal active sites (Qrm, €) and c) the integrated-crystal orbital

Hamilton population (ICOHP) analyses of adsorbed *NCON (ICOHP).

Mo,P monolayer is 0.40 V, suggesting its
excellent resistance to dissolution under
practical conditions.

Although Mo,P monolayer was predicted to
exhibit superior catalytic performance for urea
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Figure 6. a) The computed relative formation energies (eV) of various Mo,P, materials. b) the surface

Pourbaix diagrams of Mo,P.

Amazingly, the computed Eg, of the Mo,P  monolayer
(—1.20 eV) is comparable to (or even lower than) other synthe-
sized Mo,P, materials (Figure 6a), the Mo,P monolayer nearly sits
on the convex hull (except for MoP), suggesting that the Mo,P
monolayer holds great promise for synthesis under appropriate
conditions.

Finally, the environmental stability of the Mo,P monolayer was
assessed by AIMD simulations at 300 K in the water environment. Our
results showed that the atomic structure of the Mo,P monolayer
remains intact in the water environment after 5 ps (Figure S13, Sup-
porting Information), as the deviation of Mo—P bond length is
<0.05 A as compared to its equilibrium structure in a vacuum, indicat-
ing its high electrochemical stability in aqueous solutions and thus
guaranteeing its practical application for urea synthesis under appropri-
ate reaction conditions.

The electrochemical stability is also vital for a given catalyst, and thus
we explored the surface Pourbaix diagram of the Mo,P monolayer to
explore its surface structure at different pH and potentials.[31’75] As
shown in Figure 6b, when the electrode potential is 0 V, the Mo,P
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production, there is no prior study on its exper-
imental synthesis at present. Encouragingly,
Feng et al. and Zhou et al. have successfully
synthesized 2D Co,P by the salt-templating
method,*7! which greatly inspires to fabri-
cate 2D Mo,P nanosheet through similar experi-
mental strategies. Fortunately, by searching for
various salt substrates, we found that the (111)
surface of the hexagonal NaCl substrate has a
small lattice mismatch (3.50%) with the Mo,P
monolayer (Figure S14, Supporting Informa-
tion), suggesting that our proposed 2D Mo,P
can be grown on the NaCl surface based on
lattice-matching limitation mechanism.**7”]

We hope that our results will inspire more experimental groups to syn-
thesize the Mo,P monolayer and its analogs.

4. Conclusion

In summary, by means of DFT computations, we explored the potential
of several TM,P monolayers as promising electrocatalysts for urea pro-
duction. Our results revealed that the Mo,P monolayer exhibits the best
catalytic performance for urea formation due to its intrinsic metallic
nature, good stability, small kinetic barrier for C-N coupling
(0.35 eV), low limiting potential (—0.39 V), overwhelming suppres-
sion on the side reactions, and great promises for experimental synthe-
sis. Remarkably, the optimal adsorption strength of *NCON species on
Mo,P monolayer well illustrates its ultra-high activity toward urea syn-
thesis due to its unique electronic properties. This study not only pro-
vides a new way for the fixation of inert N, and CO, to value-added
chemicals, but also further widens the potential application of metal
phosphides in electrocatalysis.

© 2022 The Authors. Energy & Environmental Materials published by
John Wiley & Sons Australia, Ltd on behalf of Zhengzhou University.

0Q ‘T ‘¥T0T ‘9SE0SLST

:sdny woiy papeoy

AsUQdIT suowwo)) aanear) afqearjdde ayy £q pauioAoS a1e sa[dnIE Y (ASN JO SINI J0of ATRIQIT SUIUQ AS[IAY UO (SUOTIIPUOD-PUE-SULIS)/W0d K[ 1M ATRIqIjout|uo,/:sdy) SUONIPUO)) pue SULd ], Ay} 39S “[$70T/€0/67] U0 ATeIqIT autjuQ) AS[IA ‘09N 0MANJ dULIYO0)) AQ 964 [ TW/Z00] 0 1/10P/W0d Ko[im A,



Energy &
Environmental Materials

5. Experimental Section

Our spin-polarized DFT calculations were performed with the plane-wave basis
set as implemented in the Vienna Ab Initio Simulation Package (VASP). The pro-
jector augmented wave (PAW) potential was employed to describe the interac-
tions between electrons and ions. The exchange—correlation interactions were
determined by the Perdew—Burke—Ernzerhof (PBE) functional within the general-
ized gradient approximation (GGA), and a cutoff energy of 550 eV was adopted
for the plane-wave basis set. The convergence criteria for the residual force and
the energy on each atom during structure were set to 003 eV A" and 107° eV,
respectively. The empirical correction in Grimme’s method (DFT+D3) was used
to describe the van der Waals (vdW) interactions. The climbing image nudged
elastic band (CI-NEB) method was utilized to locate the involved transition
states. The adsorption energy (E.qs) of adsorbed species on the catalyst surface
was defined as Eads = Eto[al - Eadsorba[e - Ecaralysv in which Etomll Eadsorbate; and
Esuface Tepresent the total energies of adsorbed species on the catalyst, isolated
adsorbate, and catalyst, respectively. According to this definition, a more negative
E.ds represents a stronger interaction between adsorbate and catalyst.
TM,P-based catalysts were built using a 5 X 5 supercell, in which a vacuum
space of 15 A in the z—direction was employed to avoid the interactions between
adjacent periodic images. A 3 X 3 X 1 Monkhorst—Pack k—point mesh was
adopted to sample the 2D Brillouin zone for structure optimizations, while a den-
ser 15 X 15 X 1 k—point was used for electronic property computations. The
band structures were computed by the Heyd—Scuseria—Ernzerhof (HSE) hybrid
functional. Ab initio molecular dynamics (AIMD) simulations using the NVT
ensemble were carried out to evaluate the environmental stability of Mo,P mate-
rials. The phonon spectra were computed to assess their kinetic stability based on
the density functional perturbation theory (DFPT) using Phonopy code. The
change in the Gibbs free energy change (AG) for each possible step during the
electrochemical synthesis of urea was obtained using the computational hydro-
gen electrode (CHE) model, and further details on the computations of free
energy diagrams and limiting potentials are given in the Supporting Information.
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