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Electrochemical urea synthesis is a promising technology for carbon
utilization. Herein, we report a CoPc—MoS, system for promoting urea
synthesis by a C—N coupling reaction. Dual metal sites mediate N,
activation and CO, adsorption insertion to produce a urea yield of
175.6 ug h™* mgea * at —0.7 V vs. RHE.

Urea is a vital compound for societal development, and the high
presence of 46% nitrogen (by weight) makes it a major player of
the fertilizer industry."” The growth of the urea based industry
is crucial to satisfy the demand of the growing population. Till
now, the commercial urea production has depended on the
energy intensive reaction between ammonia and carbon
dioxide, which utilizes high temperature and elevated pressure
conditions (150-200 °C and 150-250 bar).! The industrial
process requires almost 80% of the globally produced
ammonia, produced from artificial nitrogen fixation.> However
the challenge lies in nitrogen fixation, due to the inert nature of
the N=N triple bond. Therefore industrial ammonia produc-
tion depends on the century old Haber-Bosch (H-B) process,
which demands high temperature and high pressure to break
the N=N triple bond, having a high bond energy of
941 kJ mol~'.** The H-B process consumes 2-3% of the global
energy annually and results in significant carbon dioxide
emissions.® To achieve the goal of a carbon neutral society,
a green and clean technology to produce urea under mild
conditions is an absolute necessity. An electrocatalytic
approach using renewable energy to unify the carbon and
nitrogen cycles is a technologically viable and a net zero-carbon
emission avenue.”™ It is a promising step for the decarbon-
ization of the global economy and a positive move towards
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energy sustainability. In recent times, researchers have
successfully produced urea using electrocatalysis by a C-N
coupling reaction in aqueous media under ambient conditions.
Chen et al. have coupled N, and CO, using PdCu-TiO, as an
electrocatalyst, and the metal alloy system aided in enhancing
electronic interaction, chemical adsorption, and active site
exposure.® Recently, we reported about copper phthalocyanine
nanotubes as an efficient electrocatalyst to produce urea.’ Yuan
et al. designed a Mott-Schottky heterostructural interface of Bi-
BiVO,, BiFeO;/BiVO,, which aids in specific adsorption and
activation of CO, and N, to form urea.'>"> Apart from experi-
mental reports, theoretical studies were done, which are
important with respect to catalyst selectivity and fundamental
understanding of reaction mechanisms. Roy et al. have carried
out the theoretical calculation of a novel non-hazardous metal
free catalyst for electrochemical urea synthesis.” Zhu et al. have
systematically studied with DFT about the two-dimensional
MBenes (Mo,B,, Ti,B, and Cr,B,) and their capability of
coupling of N, and CO, to form urea.**

In spite of the aforementioned catalysts, the progress of the
electrochemical process of urea synthesis is hindered signifi-
cantly due to poor selectivity and low catalytic activity. The
reports suggest that the electrocatalyst are synthesized to
address the issue of adsorption and activation of reactant
molecules, but the C-N coupling process, which is important
for urea production has received microscopic attention."® The
challenge exists in byproduct formation, difficulty of separation
of urea, low yield and poor faradaic efficiency (FE). In order to
overcome the challenge, it is vital to rationally design an elec-
trocatalyst with multiple active sites that enhances the adsorp-
tion of gaseous reactants and facilitates the C-N coupling
reaction to produce urea. The selection of the catalyst should be
made on the following aspects: (i) facile adsorption of the
gaseous reactants (N, and CO,), (ii) facilitation of the carbon
dioxide reduction reaction (CO,RR) to CO¥, (iii) activity towards
the nitrogen reduction reaction (NRR) to NH,*, (iv) the catalyst
must have a similar reduction potential range for the NRR and
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CO,RR, (v) suppression of the hydrogen evolution reaction
(HER), and (vi) enhancement of the C-N bond formation.

Prof. Robert and co-workers have shown cobalt phthalocya-
nine (CoPc) as a highly active, selective and stable electro-
catalyst for the electroreduction of CO, to CO in a wide pH range
(4 to 14)." Zhu et al. have studied CoPc supported on pyridine
functionalized carbon nanotubes (CoPc-py-CNT), which showed
superior activity (TOFco: 34.5 s~ at —0.63 V versus RHE) and
high selectivity (FEco > 98%)."®* Furthermore, research reports
suggest that transition metal phthalocyanine (MPc) can also
play the role of an effective NRR catalyst.'*** However, MPc
requires a substrate for support, and the substrates are gener-
ally carbon based.™?° Generally, the substrates are not electro-
catalytically active. However, if we select a substrate which
possess active sites demonstrates electrochemical activity and
provides a framework to support the MPc, it would be highly
beneficial to promote urea production via C-N bond formation.
It is well known that 2D materials (graphene, MoS,, TiO,, etc.)***
can effectively act as a support and participate in electro-
catalysis. Prof. Sun and co-workers have shown MoS, as an
effective NRR electrocatalyst, which showed a FE of 1.17% and
ammonia yield of 8.08 x 10™*" mol s™* em ™" at —0.5 V.* Chou
et al. have shown that MoS, nanosheets can be utilized to tune
the NRR as well as HER* via defect engineering. MoS, can act as
an effective catalyst for the CO,RR.*® Inspired by the research,
which shows that CoPc and MoS, are highly active and selective
towards the CO,RR and NRR in a similar potential range, we
designed an electrocatalyst by combining CoPc with MoS,, and
formed a CoPc-MoS, composite system, where MoS, nano-
sheets act as a catalytically active substrate to which CoPc is
anchored. The CoPc-MoS, electrocatalyst can simultaneously
activate and reduce N, and CO, due to the presence of various
active sites and electrochemically produce urea under ambient
conditions, which is unexplored by the research fraternity.

In this work, CoPc-MoS, composite was prepared by
embedding CoPc on MoS,nanosheets, which plays the role of
efficient electrocatalyst for urea synthesis (Fig. 1a). Even though
MoS, or CoPc alone showed inferior electrochemical activity,
CoPc-MoS, showed exuberant electrochemical performance,
with a urea yield rate and FE of 175.6 ug h™ " mg... ' and 15.12%
respectively at —0.7 V vs. RHE and it remains similar for five
consecutive cycles. The “acceptor-donor” mechanism*
suggests that the dual metal active sites of ‘Co’ and ‘Mo’ of the
CoPc-MoS, system have orbitals with appropriate symmetry.
So, the vacant d orbitals can accept lone pair electrons of N,,
and the partially filled d electrons feed electrons back to the N,
antibonding orbitals. Hence, the N=N triple bonds are polar-
ized and activated. In the case of single catalytic sites, the empty
d orbital of a metal site can accommodate one lone pair electron
of the N, molecule. To enhance the activation process, the
empty d-orbitals of the dual metal sites can pull two lone pair
electrons at two ends of the N, molecule (Fig. 1b). The polari-
zation of the N, molecule facilitates the insertion of the inter-
mediate CO species, produced by the CO, reduction at the Mo
or Co sites. The Mo sites are preferred active sites for CO,
reduction due to the localized induced negatively charged
surface on the MoS, nanosheets. The C-N coupling reaction
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Fig. 1 (a) Pictorial representation of urea synthesis. (b) Schematic
diagram showing N, bonding to the dual metal site in CoPc—MoS,. (c)
Charge density difference during N, activation by the double metal
center in CoPc—MoS,. Mo, Co, S, N, C, and H atoms are in maroon,
blue, yellow, sky-blue, gray, and pink, respectively. Cyan and magenta
isosurfaces (0.0le) show charge depletion and accumulation,
respectively.

occurs via the CO insertion into the activated N, molecule, and
the reaction propagates via the formation of the triangular
shape intermediate state of CONN* which induces angular
strain, and it aids the breaking of the N-N bond and thereafter
protonation occurs to form urea as a product.”* The N, acti-
vation process is further supported by DFT based electronic
structure and Bader charge analysis (shown in the ESIY). It has
been observed that the dual metal mediated activation process
transferred almost 12% more charge to N, as compared to
single metal center activation. The exchange of charge causes
a change in the bond length of N, to 1.196 A for the dual metal
center and 1.155 A for the single metal center compared to the
bond length of 1.130 A for inactive N, gas molecules and
eventually activate the N, molecule. The charge density differ-
ence image (Fig. 1c) depicts this charge donation/back-donation
to and from N, by cyan and magenta isosurfaces.

The isotopic tracing experiment by "H-NMR was carried out
to unveil the origin of urea formation. The catalyst showed
stability for 12 hours without any decrease in electrochemical
performance. The catalyst showed brilliant electrochemical

This journal is © The Royal Society of Chemistry 2023
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performance due to the following factors: CoPc-MoS, interfa-
cial coupling interaction which played an essential role in
synergistic stimulation of the Mo-edge sites of MoS, and the
active site of CoPc toward the urea synthesis, while concurrently
protecting the exposed sites from the competing HER."”*® The
work provides a detailed understanding of the catalytic activity
and showed a route to strategically develop an electrocatalyst
that can couple N, and CO, to produce urea. An efficient
hydrothermal route was utilized to prepare MoS, nanosheets,
which played the role of the matrix of the CoPc-MoS, composite
system in which cobalt phthalocyanine molecules were
embedded via mechano-chemical blend formation (ESIT); the
process can be utilized to produce the electrocatalyst on a large
scale.

The crystallinity patterns of CoPc, MoS, and CoPc-MoS,
were analyzed by the X-ray diffraction technique as shown in
Fig. 2a. In the composite, CoPc was uniformly distributed over
the MoS, nanosheets, as illustrated by the presence of the
characteristics diffraction peaks at (100), (102), (002), (202),
(104), (112), and (311), which are well matched with CoPc
(JCPDS no. 14-0948),*” together in unison with the presence of
broad diffraction peaks of MoS, corresponding to (100), (103),
(105) and (110) planes (JCPDS no. 37-1492).>® Next, high reso-
lution XPS spectra analyses were carried out to probe the elec-
tronic properties and chemical composition of CoPc-MoS,. In
Fig. 2b, the binding energies at 780.2 and 795.6 eV correspond
to the Co 2ps,, and 2p,, regions, respectively.>® Meanwhile the
peaks detected at 228.7 and 231.9 eV (shown in Fig. 2c) are
assigned to the Mo 3ds/, and 3d;, electronic states, indicating
the presence of the tetravalent state of Mo in CoPc-MoS,.***
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Fig.2 (a) XRD image, (b—d) high resolution XPS scan of Co, Mo, and N,
and (e) TEM image of CoPc-MoS;; (f) elemental distribution of Co,
Mo, N and S in the CoPc—MoS; system.
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Similarly, the peaks observed at 161.8 and 162.7 eV (represented
in Fig. S27) are assigned to the electronic states of S 2p3,, and
2p1,» respectively, which represents the divalent state of S in the
catalytic system.?®*° Fig. 2d represents the high-resolution N 1s
XPS spectra, and binding energies at 398.7 and 399.6 eV are
shown due to the presence of pyridinic nitrogen and pyrrolic
nitrogen respectively in CoPc-MoS,.** In CoPc, the pyridinic
nitrogen is bonded to the carbon atom of the phthalocyanine
ring while the pyrrolic nitrogen atoms are attached to the
central Co atom."” The different functional groups of the CoPc-
MoS, catalyst were identified by using the FTIR spectra
(Fig. S31). The TEM imaging reveals that the catalytic surfaces
are rough in nature with distinct microporous domains
(Fig. 2e). The morphology containing porous regions are ex-
pected to provide a greater surface area leading to increase in
the exposure of catalytically active sites, thereby enhancing the
mass transport.® Thus, it leads to efficient N, and CO,
adsorption and electrocatalytic co-reduction to facilitate urea
synthesis. The TEM-EDS elemental mapping confirmed that
cobalt, molybdenum, sulfur and nitrogen were uniformly
distributed in the CoPc-MoS, composite (Fig. 2f).

To study the electrocatalytic activity of CoPc-MoS,, electro-
chemical measurements were performed in Ar and (N, + CO,)
purged saturated 0.1 M KHCO; electrolyte solution in a H-type
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Fig. 3 (a) LSV profile of CoPc—=MoS, in Ar and N, + CO, saturated
0.1 M KHCOs3 electrolytes; (b) time dependent current density (j) curves
for CoPc—-MoS; at different potentials; (c) urea yield rate and FE with
N, and CO, as the feeding gas at different potentials for CoPc—MoS,;
(d) the urea yield rate and FE of CoPc—MoS; at —0.7 V vs. RHE during
recycling tests for five cycles. () 'H NMR spectra of electrolytes
saturated with **N, + 2CO,, Ar and **N, + *2CO, after 20 h of elec-
trolysis. (f) ATR-FTIR spectroscopy experiments of the electrolytes at
different potentials during electrocatalytic co-reduction of N, and
CO, using CoPc—MoS,.
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cell. Fig. 3a shows the LSV curve of CoPc-MoS, recorded at
10 mV s~ when compared to the Ar saturated electrolyte, there
is an increase in current densities in the potential range of —0.5
to —0.8 V (vs. RHE) for N, + CO, purged electrolyte.®*'* Time
dependent chronoamperometry measurements were executed
at various potentials in N, and CO, saturated electrolytes
(shown in Fig. 3b).The UV-vis absorption spectrum of the
different electrolytes with characteristic absorption of 525 nm at
different potentials is shown in Fig. S6t and the maximum
absorbance was found at —0.7 V versus RHE. The produced urea
was estimated by the diacetylmonoxime (DAMO) method (ESI
Experimental sectiont). The UV-vis absorbance and the related
calibration curve for urea quantification are shown in Fig. S4
and S5.7 The ureayield rate and corresponding FE in a potential
window are displayed in Fig. 3c. CoPc-MoS, delivers
a maximum urea yield rate and FE of 175.6 pg h™' mg., ' and
15.12% at —0.7 V versus RHE, respectively. It is observed that the
urea formation rate rises with increase in negative potential
until —0.7 V versus RHE and the rate drops down due to the
competitive reaction of H, and N, on the surface of the elec-
trode. Furthermore, when MoS, and CoPc were individually
tested, they demonstrated decent electrocatalytic performance,
but excellent performance was observed for the CoPc-MoS,
system (Fig. S16t). The high urea yield rate is attributed to the
C-N bond formation through co-reduction of N, and CO, in the
Co metal center, and the Mo edge sites of CoPc-MoS,. The vital
existence of chemical bonds after the electrochemical synthesis
of urea is characterized using the ATR-FTIR technique.
Stretching vibrations present at ~1690 and 1165-1334 cm ™"
correspond to the formation of C=0 and C-O respectively. The
result clearly indicates that CO, gas is reduced during the
electro-reduction process. The stretching vibration at
~1431 cm ' corresponds to the important C-N bond and
confirms the C-N coupling leading to the formation of urea
during the electrocatalytic process (Fig. 3f).>*>

Recyclability and stability are the two crucial parameters of
an electrocatalyst for practical utility. The recycling tests were
conducted in a N, and CO, saturated 0.1 M KHCO; solution at
—0.7 V potential for five cycles, and the catalyst maintains
almost the same urea yield rate in the entire process (Fig. 3d),
indicating the stable electroreduction performance of the
catalyst. The chemical composition of CoPc-MoS, after five
consecutive electrocatalytic cycles was investigated by XPS. The
high resolution spectra of Co 2p, Mo 3d, and N 1s demonstrate
indistinguishable nature with the electrocatalyst before the
electrochemical test (shown in Fig. S7-S9%). To further check
the stability of the electrocatalyst, a long duration stability test
was done at —0.7 V. The catalyst showed an almost stable
electroreduction performance without much fluctuation in
current density when the electrocatalysis was executed for 12 h
(Fig. S107). Furthermore, to assess the stability of the electro-
catalyst, XRD analysis was done post electrolysis, and the result
clearly indicates that the structural integrity of the catalyst is
maintained (Fig. S11f). In order to find the origin of urea
formation, control experiments were done in an Ar (N, and CO,)
saturated electrolyte, and carbon paper without the catalyst, at
—0.7 Vversus RHE for 2 h. An insignificant amount of urea was
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Fig. 4 Free energy profile of the urea synthesis mechanism. Insets
show the possible intermediates in the plausible mechanism. Mo, Co,
S, N, C, Hand O atoms are in maroon, blue, yellow, sky-blue, gray, pink
and red, respectively.

detected for all the cases as shown in Fig. S23, except (N, and
CO,) purged conditions. The selectivity of the catalyst is good,
as a negligible amount of hydrazine and a very low amount of
ammonia are produced as a side-product (Fig. S19 and S227).
Therefore, the result suggests that CoPc-MoS, shows high
activity and selectivity towards urea synthesis. The character-
istic singlet peak of the formation of urea in "H NMR appeared
at =5.65 ppm when the electrolysis was carried out by purging
of "N, and ">CO, gases and a doublet peak was observed when
isotopic °N, and '*CO, gases were purged during the electro-
catalytic reduction process (Fig. 3e). However, no such singlet
and doublet were detected when only Ar gas was purged during
the electrolysis process, which clearly shows that the urea
produced is solely due to the electrocatalytic co-reduction of N,
and CO, gases and not by any contaminants.®

The catalytic activity can be estimated with the free energy
diagram, which provides a visual representation of the reaction
mechanism. The free energy profile (Fig. 4) has identified
various possible intermediates and their contribution to the
reaction mechanism. In the entire urea formation mechanism,
only two uphill reactions have been identified, one is the N,
activation process and the other is the fourth protonation
process, i.e. *NHNH,CO to *NH,NH,CO formation step. The
first uphill step is the rate determining step, where proton/
electron transfer does not occur, whereas the second uphill
reaction is the potential determining step with an over potential
of ~2 V to make all electrochemical steps exothermic. The
catalytic origin of the CoPc_MoS, system derives from the
spatial distribution of the charge in between the dual metal
center and N, as well as facile formation of the *NNCO inter-
mediate. The free energy profile depicts that *NNCO is form as
a result of a favourable downhill reaction. We have also found
that, during the formation of *NNCO, the N=N triple bond
breaks immediately as soon as CO comes close to N,. As *NNCO
forms, the fourth protonation step takes place to form urea.

Conclusions

In summary, CoPc_MoS, is theoretically predicted and experi-
mentally confirmed as an active and robust electrocatalyst for

This journal is © The Royal Society of Chemistry 2023
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the co-reduction of N, and CO, gases under ambient condi-
tions. When tested in 0.1 M KHCO;, the urea yield rate and FE
can reach 175.6 ug h™' mg., ' and 15.12% at —0.7 V versus
RHE, respectively. Impressively, CoPc-MoS, exhibits good
electroreduction activity and effectively suppresses the
hydrogen evolution reaction. This study not only offers us an
efficient cost-effective electrocatalyst for high performance N,
and CO, co-reduction under ambient conditions but would
open up an exciting new route to explore transition metal
dichalcogenide/transition metal phthalocyanine as an efficient
catalyst for applications toward urea electrosynthesis.
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