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Broader context

Ni and Mo atom pairs as single sites on N-doped
graphitic carbon for urea formation

by simultaneous CO, and NOsz  reduction

with pulsed electrocatalysisT

Jiajun Hu,? Silvio Osella, ©2° Josep Albero (2 *® and Hermenegildo Garcia (2 *

Ni and Mo atom pairs as single sites supported on N-doped graphitic carbon was prepared by pyrolysis
of a mixture of Ni(NOgz),, (NH4)sM0,054, glucose, and melamine at 800 °C and subsequent washing with
HCL Coulombic association between NiZ* and Mo,0,,%~ is key for the formation of the Ni—Mo pairs
(distance: 0.23 nm), whose presence was determined by atomic resolution aberration-corrected STEM
and EXAFS. The dual NiMo-DASC exhibits better performance for urea formation by simultaneous
electrochemical CO, and NOsz~ reduction reactions than the Ni- or Mo-single atom catalysts on
N-doped graphitic carbon prepared analogously at similar total metal loadings and surface areas. Using
pulsed electrochemical reduction of —0.5 V vs. RHE for NOzRR and —0.7 V vs. RHE to promote CO,RR,
urea was formed with a faradaic efficiency of 31.8% and a yield of 11.3 mmol h™* g=. The sources of C
and N were confirmed by isotopic *C and '°N labelling experiments using NMR spectroscopy. In situ
surface enhanced IR spectroscopy shows the appearance of adsorbed *CO (1937 cm™3), *NH species
(1636 cm™Y) and C-N (1597 cm™) vibration bands. DFT calculations of the Ni-Mo pair on N-doped
graphene model predict a distance of 0.22 nm between the two metal atoms and suggest that the
synergistic effect is derived from co-the adsorption of CO,, preferentially on the Ni atom, and NOs~ on
the Mo atom, with the crucial C—N bond formation occurring between neighbor CO (on Ni) and NH (on
Mo), thereby showing the synergistic effect arising from the presence of Ni and Mo at the catalytic site.

Urea is one of the most important fertilizers, and it is also used as a co-monomer in the preparation of best-selling resins. Currently, urea is prepared by the
reaction of ammonia and CO, through a process that requires heat obtained from burning fossil fuels. Fossil hydrocarbons with the generation of equivalent
amounts of CO, are also required for the production of ammonia. In the present manuscript, the direct preparation of urea is described by the simultaneous
electrochemical reduction of carbon dioxide and nitrate using renewable green electricity. The success of the process relies on a catalyst based on sites
constituted of Ni-Mo atom pairs at a 0.24 nm distance, supported on a N-doped graphitic carbon, and based on the use of a pulsed electrolysis that shifts the
voltage from —0.5 V (required for nitrate reduction) to —0.7 V (needed for carbon dioxide reduction) in seconds, allowing the simultaneous presence of
intermediates from both carbon dioxide and nitrate on the surface of the electrocatalyst.

Introduction

reagent in the synthesis of pharmaceuticals." Its global annual
production has reached about 100 million tons,® a number that

Urea, one of the most important agricultural fertilizers, is also
used as a monomer of synthetic polymers and resins and as a
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is anticipated to rise further considering the increase in food
demand of an expanding population. In spite of these high
production volumes, current industrial urea synthesis meth-
odologies are still based on over the one-hundred-year-old
Haber-Bosch ammonia synthesis process and the Bosch-Mei-
ser process,” with both reactions carried out at elevated
temperatures and pressures. These conditions consume a signi-
ficant amount of energy, resulting in substantial greenhouse

gas emissions.® In the context of energy decarbonization and
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the implementation of renewable energy sources, the electro-
catalytic co-reduction of CO, and nitrogen-containing waste-
water has attracted considerable attention as a potential
alternative to the current industrial synthesis.””® This approach
would not only lead to urea synthesis under much milder
conditions, avoiding the consumption of fossil fuels to provide
the required energy, but it would also represent a direct route to
this chemical.

Electrocatalytic co-reduction of CO, and NO; /NO, " for urea
production was initially reported by Shibata et al'®'' This
electrochemical urea synthesis comprises two concurrent
cathodic processes, namely, CO, reduction (CO,RR) and nitrate
reduction (NO;RR), that should ideally occur in a concerted
manner with the adequate stoichiometry. Coupling of inter-
mediates from the two processes at the cathode could produce
urea. The prevailing consensus suggests that adsorbed CO
(*CO) generated in CO,RR and NH, intermediates arising from
the electrochemical hydrogenation of NO;~ undergo C-N cou-
pling at catalytic sites, resulting in urea formation, although
the precise coupling precursors and mechanism remain
elusive.>'* Conversion of CO, and NO;~ into urea is a 16-
electron process involving one highly stable reactant, with
many intermediates and reaction steps, generally resulting in
complex product distribution, low urea yield, and the inevitable
competition of the hydrogen evolution reaction (HER).'*'* It has
been reported that bimetallic materials can exhibit higher electro-
catalytic activity than monometallic catalysts, as a consequence of
the better tuning of the solid surface sites through the electronic
interaction of dissimilar metals, thereby adjusting the adsorption
energy of reaction intermediates and the electron transfer to
adsorbates, ultimately affecting electrocatalytic activity and pro-
duct selectivity.'**®

Besides the nature of the electrocatalyst, the reported elec-
trochemical urea synthesis is conducted using the traditional
steady-state direct current mode in the vast majority of the
cases, and product formation is controlled by mass transfer
and diffusion layers."®?° In this context, prior studies have
indicated that the migration of nitrate ions near the working
electrode is limited by electrostatic repulsion, which makes
nitrate diffusion difficult near the negative cathode surface,
thereby negatively impacting on any mechanism leading to
urea synthesis.>! On the other hand, when coupling two differ-
ent cathodic reactions as in the case of CO,RR and NO;RR, it
could be that the optimal potential of one process is lower than
that of the other. One possible way to overcome these hurdles
could be to perform the electrocatalytic NO;RR with a pulsed
reduction potential that might result in a better control over
the selectivity of desired products, and an enhanced urea
efficiency.”>** Although pulsed electrocatalysis has not yet been
used for urea synthesis, there have been several explorations in
water splitting reactions and CO,RR,**° the latter being one of
the required processes in urea synthesis.

The present study reports a novel Ni-Mo diatomic catalyst
(NiMo-DASC) featuring dual active sites for urea electrosyn-
thesis by coupling CO,RR and NO;RR. Specifically, it was consi-
dered that the Mo site could exhibit activity in NO;RR based on
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the existing precedents,””*® whereas Ni would serve as active
site for CO,RR.?*° The rationale is that the combination of the
two metals could show a synergism for urea synthesis. We used
periodic pulse potential with peaks of more negative potentials
to promote an enrichment of CO,RR active intermediates on
the cathode surface to be available for NH, species and thereby
improve urea faradaic efficiency (FE) and yield. Under the
pulse potential protocol and optimal operational parameters,
the urea FE and yield are among the best reported in
literature,>'* with the NiMo-DASC catalyst reaching 31.8%
and 11.3 mmol geaeayse * h™ ', respectively, exhibiting robust
stability for 20 h electrolysis. Note that these data refer to the
total catalyst mass and the values would be considerably higher
if referred to the total mass of metals. In situ attenuated total
reflectance surface-enhanced infrared absorption spectroscopy
(ATR-SEIRAS) analysis corroborated that the pulse potential
regime enriches the electrocatalyst surface with *CO intermedi-
ates, thereby facilitating urea generation. Density functional
theory (DFT) calculations suggest that the process requires the
simultaneous CO, and NO;~ adsorption on Ni and Mo atoms,
respectively, and that the key N-C coupling step occurs from
adsorbed NH and CO in neighbor sites. This explains the
synergism arising from sites constituted by two complementary
atoms compared with single atom catalysis.

Material synthesis and characterization

NiMo-DASC catalyst was synthesized by pyrolyzing a mixture of
Ni(NO3),, (NH4)eM0;0,4, glucose, and melamine under an
argon atmosphere (Fig. 1a). Ni-SAC and Mo-SAC were prepared
following the same method, but using a single transition metal
salt, either Ni(NO3), or (NH,)¢M0,0,,. Details on the synthesis
procedure are provided in the ESLf The rationale in the
selection of the precursors was to synthesize hetero diatomic
site catalysts, and anionic molybdate ions having a high net
negative charge should associate with dipositive nickel cations
better than with ammonium ions, ensuring a pre-association
between Ni and Mo before the thermal treatment. It was
expected that the mutual attraction between anionic and catio-
nic species would render dual atomic sites easier than employ-
ing precursors in which the transition metals have the same
coulombic charge. This is confirmed by the lack of association
using molybdenyl tris(acetylacetonate) (MoO,acacs, acac: acet-
ylacetonate) as precursor. After the pyrolysis resulting in the
formation of NiMo-DASC and before its use and characteriza-
tion, all samples were grinded and then washed by 2 M HCI
solution at 80 °C for 24 h under stirring to remove spurious
loosely bound metal particles that are also formed in the
process.

X-ray diffraction (XRD) patterns of the single atom catalysts
(SAC) and dual atom single catalyst exhibit broad peaks at
11.5° and 25.3° corresponding to (001) and (002) diffractions
of loosely stacked graphene oxide and graphitic carbon,
respectively (Fig. S1, ESIT). No diffraction peaks related to metal
compounds could be observed.

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

(a) Schematic of catalyst preparation; (b) and (c) HAADF-STEM image of NiMo-DASC; (d) EDX elemental mapping images of Ni, Mo and C in NiMo-

DASC; (e) HAADF-STEM image of NiMo-DASC in which diatomic NiMo sites separated by a distance of 2.3 A are highlighted with red circles for clarity; (f)
intensity profiles for three diatomic sites of image (e); (g) EELS spectrum of NiMo atomic sites indicated in the inset with a white line.

Dark field scanning electron microscopy (SEM) and scan-
ning transmission microscopy (STEM) (Fig. S2 and Fig. 1b,
ESIT) reveals that the materials present a porous morphology
formed by two-dimensional sheets generated from glucose and
melamine graphitization upon pyrolysis. Inductively coupled
plasma-atomic emission spectroscopy (ICP-AES) of the samples
after digestion with aqua regia indicates that the total metal
loading in NiMo-DASC was 0.65 wt%, corresponding to
0.31 wt% of Ni and 0.34 wt% of Mo. As shown in Table S1
(ESIY), the total metal content of Ni-SAC and Mo-SAC was very
similar, but constituted of a single metal, either Ni or Mo.

As collated in Table S1 (ESIf), NiMo-DASC shows slightly
higher specific surface area (265.5 m® g ') than Ni-SAC
(226.2 m* g~') and Mo-SAC (243.3 m”> g~ '). Raman spectra of
all samples (Fig. S3, ESIT) exhibit the expected G and D bands
at 1589 and 1374 cm ', characteristic of defective N-doped

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

graphene (NG) formed in the carbonization of glucose and
melamine mixture, while no obvious vibration bands for Ni or
Mo oxides or carbides were observed in the low-frequency
region, in good agreement with the XRD results.

The dark-field STEM and energy-dispersive X-ray spectro-
scopy (EDS) elemental mapping of NiMo-DASC (Fig. 1c, d and
Fig. S4, ESIt) indicate the uniform distribution of Ni and Mo
on the entire NG. The atomic distribution of NiMo-DASC
was further analyzed by aberration-corrected high-angle annu-
lar dark-field scanning transmission electron microscopy
(AC-HAADF-STEM) with atomic resolution. Fig. 1e shows an
illustrative image of NiMo-DASC in which a considerable
number of atom-sized twin bright dots are uniformly dispersed
on the NG support. These atom pairs have been highlighted
in the image with red circles for a better visualization. The
distance between the two atoms was measured and found to be

EES Catal,, 2025, 3,1075-1086 | 1077
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consistent ~0.24 nm (Fig. 1f), implying the formation of atomic
pairs via metal-metal (Ni-Mo) bonds. Electron energy loss
spectroscopy (EELS) further revealed that the bright dots were
due to the coexistence of pairs of Ni and Mo atoms (Fig. 1g).

The elements present in the three electrocatalysts under
study, the oxidation state of the surface atoms and their
coordination sphere were analyzed by X-ray photoelectron
spectroscopy (XPS). In the high-resolution XPS core levels of
NiMo-DASC, the Ni signal was positively shifted about 0.3 eV
compared with NiSAC (Fig. 2a), and the Mo peak was negatively
shifted compared with that of Mo-SAC, also by about 0.3 eV
(Fig. 2b), indicating that the charge transfer from Mo to Ni in
the dual atom sites are present in NiMo-DASC.>**> The N 1s
core level of the three catalysts show the existence of pyridinic
(~398.1 eV), metal-N (~399.2 eV), pyrrolic (~400.6 eV), qua-
ternary (~401.6 eV) and oxidized (~402.9 eV) N species
(Fig. S5, ESIt).*® The percentage of metal-N species in the total
N atom was 11.8%, 12.2% and 19.8% for Ni-SAC, Mo-SAC, and
NiMo-DASC, respectively. The presence of this N component
suggests that the transition metal atoms are anchored on the
defective NG sheets via metal-N coordination, as reported in
other cases.'>"*?738

View Article Online
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Fig. 2c-f shows the X-ray absorption near-edge spectra
(XANES) and extended X-ray absorption fine structure (EXAFS)
of the three electrocatalysts. The Ni K-edge XANES of NiMo-
DASC (Fig. 2¢) confirms that Ni has an oxidation state between
Ni(0) and NiO (+2). Similarly, the Mo K-edge XANES of NiMo-
DASC (Fig. 2d) resides between Mo(0) foil and MoO; (+6),
indicating that the oxidized state of Mo in NiMo-DASC is about
+III and +IV. Compared with Ni-SAC, a minor shift of the Ni
K-edge in NiMo-DASC toward high energy implies a slight
increase in the oxidation state of Ni owing to a lower electron
density. Mo atoms in NiMo-DASC were slightly reduced due to
the electron density transfer of Ni with respect to Mo-SAC. Such
a trend obtained by the X-ray absorption spectra agrees per-
fectly with the XPS analyses and is in accordance with the
relative electronegativity of the two elements, with Ni (1.91)
being less electronegative than Mo (2.16). Therefore, Mo
attracts electrons from Ni.

EXAFS fitting data for the three samples are summarized in
Table S2 (ESIt). The k*-weighted Fourier transform (FT) from
the Ni K-edge EXAFS spectra (Fig. 2e) shows that the major
peaks of NiMo-DASC and Ni-SAC are located at ~1.35 A,
which corresponds to the first shell scattering of the Ni-C/N
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Fig. 2 High-resolution XPS peaks of (a) Ni 2p and (b) Mo 3d of the three samples; (c) Ni K-edge XANES spectra of Ni-SAC, NiMo-DASC, Ni foil, NiO and

NiPc (Pc: phthalocyanine); (d) Mo K-edge XANES spectra of Mo-SAC, NiMo
Ni K-edge EXAFS: (f) k*-weighted FT of z(k)-function from the Mo K-edge
and (i) NiMo-DASC.

1078 | EES Catal, 2025, 3,1075-1086

-DASC, Mo foil, Mo,C and MoOs; (e) k*-weighted FT of (k)-function from the
EXAFS; wavelet transform images of the Ni K-edge from (g) Ni foil, (h) Ni-SAC

© 2025 The Author(s). Published by the Royal Society of Chemistry
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coordination. The second peak at 1.93 A is attributed to Ni-Cl
coordination due to the washing process of chlorine-containing
acids to remove excess metal during material preparation.
However, it is unlikely that this residual Cl would remain under
the conditions of the electrocatalytic urea formation, consider-
ing the high concentration of CO, and NO;™ in the electrolyte
that would replace any residual Cl from the Ni coordination.
Notably, the third peak at 2.45 A for NiMo-DASC is comparable
with the first shell distance of Ni foil (2.21 A), suggesting the
presence of a metal-metal diatomic configuration.'**® This
distance agrees with the distance of 2.4 A measured for the
dual Ni-Mo pairs by HAADF-STEM (Fig. 1f).

Similarly, the major peaks at ~1.17 A for NiMo-DASC and
Mo-SAC in Fig. 2f are ascribed to Mo-C coordination. The peak
at 2.31 A for NiMo-DASC further confirms the presence of a
metal-metal diatomic configuration. A slight Mo-Mo signal is
detected in NiMo-DASC and Mo-SAC, indicating that the sam-
ples have a small amount of Mo particles. The k*-weighted FT
spectra indicate that the metal-metal distance in NiMo-DASC is
longer than Ni-Ni coordination in Ni foil and shorter than Mo-
Mo coordination in Mo foil, verifying the existence of hetero-
geneous Ni-Mo sites in NiMo-DASC. On the other hand, the
first shell scattering (Ni-C/N and Mo-C) for NiMo-DASC dis-
plays asymmetry and slightly decreased magnitude compared
with Ni-SAC and Mo-SAC, indicating that the chemical state of
Ni is altered by the coupling Mo atom. As shown in Fig. 2g-i,
wavelet transform (WT)-EXAFS allowed us to conclusively iden-
tify the existence and intensity of the metal-N and metal-metal
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bonds in NiMo-DASC. Therefore, both, HAADF-STEM and XAS
conclusively prove the dual NiMo atom configuration in the
NiMo-DASC sample and the single atom nature of Ni-SAC and
MO-SAC.

Electrocatalytic urea synthesis

The intrinsic NO;RR performance of catalysts was initially
investigated using a H-cell system using a 0.05 M KNO; aqu-
eous solution as electrolyte. First, constant potential NOz;™
electrolysis was performed in the range between —0.3 and
—0.7 Vversus RHE. The FE toward NH; and NO,~ was measured
at different potentials by colorimetric quantification of these
two products with UV-Vis spectrophotometry employing the
Nessler and Griess reagent for NH; and NO, , respectively.
Fig. 3a shows that NiMo-DASC exhibits prominent NH; FE
values and higher yield rates. At the optimum potential of
—0.5 V vs. RHE, the FE of NH; for NiMo-DASC reaches 86.3%
with a yield rate of 49.32 mmolyy, geatayse * h~ '+ The FE of H,
increases slightly as the potential increased. Besides, there is
zero content of N,H, in the liquid product. In comparison, the
NO;RR performance of Ni-SAC and Mo-SAC are shown in
Fig. S6 (ESIt), with the latter showing more than twice the
NH; yield rate than Ni-SAC at all investigated potentials. This
comparison indicates that Mo sites have higher activity than Ni
sites for electrocatalytic NO;RR, although they are accompa-
nied by higher FE of H,. This is in agreement with previous
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Fig. 3 Evaluation of the electrocatalytic performance of NiMo-DASC catalyst. (a) FE and NH3 yield rate of NiMo-DASC for NOsRR; (b) CO, and NO3™ co-
electroreduction performance with constant chronoamperometry (CA); (c) and (d) urea electrosynthesis performance with pulsed CA (pCA). Different
pulsed chronoamperometry conditions are denoted as pCAxy, where x represents the electrolysis time at —0.7 V vs. RHE and y represents the electrolysis

time at —0.5 V vs. RHE.
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reports in the literature about the relative efficiency for NO;RR
of Mo and Ni materials.*® In addition, the NH; yield of all three
samples only slightly increases with increasing potential
to —0.7 V, which could be attributed to the mass transfer
limitation.

To further upgrade the scope of the products, CO, was also
introduced into the electrocatalytic system with the aim to
couple CO,RR and NOzRR. The electrochemical performance
evaluation of single or dual atom catalysts was carried out
under ambient conditions using the chronoamperometry method
in a CO,-saturated 0.1 M KHCO; + 0.05 M KNO; electrolyte.
In these electrocatalytic reactions, gaseous products were quan-
tified by gas chromatography (GC) and liquid products were
quantified by colorimetry with UV-Vis spectrophotometry (Fig.
S15-S18, ESIt). As shown in Fig. 3b, an outstanding urea yield
rate of 7.26 MMOlyrea Zeatalyse + h ' can be achieved at the
potential of —0.5 V vs. RHE. A volcano curve was also seen for
FE, and, impressively, the highest FE toward target urea to
18.3% was obtained under the same potential. The CO FE is
lower than that without NO;~ at various potentials (Fig. S7,
ESIT), which is probably ascribed to the consumption of CO
for urea formation and competition in parallel with NO;RR.
Meanwhile, NH; FE and yield also shows the same trend, which
strongly suggest that there is a competitive relationship
between urea and CO/NH; synthesis, and that the coupling of
C and N-containing intermediates inhibits the formation of CO
and NH; as the final products.”” In addition, NiMo-DASC
exhibits more than twice the urea yield compared with Ni-
SAC sample (Fig. S8, ESIt), which is probably attributed to the
higher NO3;RR intermediate population density produced on
the Mo sites. Mo-SAC has already exhibited higher NH; evolu-
tion activity than Ni-SAC during NO;RR (Fig. S6, ESIT). Surpris-
ingly, Mo-SAC only shows a very low urea FE and yield rate,
which is ascribed to its low activity for CO,RR (Fig. S7b, ESIt).
The ingenious design of NiMo-DASC as dual active sites with
Ni and Mo serving as active sites for CO,RR and NO;RR,
respectively, results in an unexpectedly excellent performance.
Firm confirmation of the source of the derived urea from CO,
and NO;~ was obtained through isotope labeling experiments
(Fig. S9, ESIt). Thus, the same chronoamperometry measure-
ment was performed using "*CO, and '>NO;~ as carbon and
nitrogen precursor, respectively, and NMR isotope labeling
experiments further verified that C,N-urea originated from
the coupling of nitrate reduction and CO,. To gain information
on the possible mechanism of urea synthesis, the same experi-
ment was performed using NH," instead of NO;~ and CO (or
HCOOH) instead of CO,. There was no urea generated from
these precursors (Fig. S10, ESIf). This shows that carbon-
nitrogen coupling occurs before NO;~ or CO, are completely
reduced to the final product.

Pulsed electrolytic urea synthesis

Although the ingenious dual-active site catalyst design demon-
strates better urea production performance compared with
single-atom catalysts, the low urea FE is still the main obstacle
restricting its application. Considering that the NH; yield rate
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on NiMo-DASC is more than four times higher than that of CO
(Fig. 3a and Fig. S7a, ESIt), it appears a logical conclusion that
CO,RR is the process limiting its co-reduction with NOzRR
to form urea. To overcome this hurdle and to enhance CO,RR
relative to NOz;RR, a pulse electrosynthesis strategy was
explored. It was observed that these pulsed experiments greatly
improved the FE and yield of electrosynthesized urea, probably
due to the higher CO,RR efficiency under pulsed conditions
and accumulation of adsorbed *CO active intermediates.
Specifically, unlike conventional chronoamperometric electro-
lysis, the CO, mass transfer and concentration of the *CO
intermediate on the catalyst surface is increased by applying
a short high pulse voltage (—0.7 V vs. RHE), which almost does
not affect the NH; yield (Fig. 3a and Fig. S6, ESIt), thereby
synthesizing urea at —0.5 V.

The applied voltage for the pulsed experiments is shown in
Fig. S11 (ESIt). Fig. 3c and d compares the electrochemical urea
synthesis performance of constant chronoamperometry (CA)
and pulsed electrolysis with different pulsed periods. Com-
pared with constant-potential electrolysis, the selectivity of
each product changes significantly under pulsed conditions,
and the FE of CO increases dramatically. The electrolysis time
at —0.5 V (¢,.5) under pulse conditions has a significant impact
on product selectivity. When ¢, 5 = 4 s, both FE and yield of urea
increased significantly, reaching urea FE of 31.8% and a yield of
11.3 MmOl Zeararyse + h ', which is 1.7 times that of constant-
potential electrolysis. Furthermore, if urea yield is given by
mass of metal rather than the total catalyst mass, a value of
1738 mmol gniimo + h ™ is calculated. The pulse time at —0.7 V
(to.7) was also studied (Fig. S12, ESIT), and the results showed
that an excessively long pulse time can only produce the mixing
effect of —0.5 Vand —0.7 V chronoamperometry. A pulse period
that is too short results in a reduction in reactivity, which can
be attributed to the adverse effects of the capacitive current
period and insufficient time for ions to selectively adsorb on the
electrode surface.?” In addition, as shown in Fig. $13 (ESI?), the
FE of urea was always maintained above 30% in the 20 h pulsed
experiment, demonstrating the potential application of pulsed
electrolysis in this reaction.

In situ IR measurements

In situ electrochemical Raman spectroscopy studies were car-
ried out for the NiMo-DASC sample at open circuit potential
(Voc) and at a cathodic potential range of —0.35 to —0.65 V. The
peak located at 1553 cm ™' was observed in Fig. S14a (ESIf).
This vibration band can be assigned to adsorbed carboxylate
*CO,~ associated with CO,RR.*"** The 1553 cm ™' peak inten-
sity gradually strengthens with potential. Additional peaks at
1049 and 1350 cm ™" have been previously attributed to NO;~
and carbon paper signal, respectively.*® In situ ATR-SEIRAS was
employed to monitor the NiMo-DASC interface to follow the
evolution of electrochemical reaction intermediates. As shown
in Fig. S14b (ESIt), ATR-SEIRAS was first applied at —0.3 to
—0.7 V vs. RHE. The signals at 1937 and 1404 cm ' are
attributed to the stretching mode of *CO associated with
CO,RR and the adsorption of CO, molecules. The infrared
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Fig. 4 In situ ATR-SEIRAS spectra recorded for NiMo-DASC at two
different potentials under pulsed conditions.

bands at 1636 and 1296 cm™ ' correspond to the H-N-H bending
vibration of *NH, and the N—O stretching vibration of *NO,, of
NO;RR, respectively.*® The slight absorption signal at 1567 cm ™
can be attributed to the stretching mode of C=N during the
evolution of urea.** The signal evolution of related intermediates
was further studied under pulsed electrolysis conditions. Fig. 4
shows the extracted infrared signals collected under —0.5 and
—0.7 V vs. RHE respectively. A stronger *CO intermediate and
adsorbed CO, signal was demonstrated at the pulse potential of
—0.7 V compared with —0.5 V. Obviously, the pulse potential of
—0.7 V significantly increases the active *CO concentration at the
catalyst interface, which is conducive to further C-N coupling
to produce urea. The signal shift of *CO should be due to the
change of chemical environment from carbon species to NH,
species on the way to urea formation. The significant enhance-
ment of the C-N signal under pulsed conditions is also in good
agreement with the results of electrochemical performance
experiments.

DFT calculations on the reaction
mechanism

DFT simulations were performed to elucidate the urea for-
mation mechanism. The chosen model system for the catalytic
surface consists of a dual Ni-Mo atom site anchored to a doped
graphene sheet through six nitrogen coordination, as indicated
by experimental characterization (see Fig. S19, ESIt). The dis-
tance between the two metal centres has been computed
to be 0.22 nm, which is in very good agreement with the
experimental aberration corrected STEM analysis value of
0.23 nm (Fig. 1f).

According to the experimental analyses commented above,
in the models, CO, was adsorbed on Ni, while NO;~ was
adsorbed on Mo. As mentioned above, the conversion of nitrate
to urea is a complex process involving 16 electrons, corres-
ponding to 16 steps, two of which are the critical C-N bond
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couplings. Thus, assuming that the two C-N bond formation
steps are the rate determining elementary processes, it is
necessary to consider which pathways would lead to more
favourable coupling steps. Since there is no available informa-
tion on the adsorption of the different gaseous species on the
DASC, we considered different scenarios in which (i) NO;™ is
first adsorbed to form *NO; and then CO, is added to form a
*NO;-*CO, pair (where the ‘-~ indicates the adsorption on
different metal centres), (ii) CO, is first adsorbed to form
*CO, and then NO;™ is added to obtain the *NO;-*CO, pair,
and (iii) both NO;~ and CO, are added simultaneously to the
substrate. This can be very important, as the reaction mecha-
nism can change depending on the adsorption sequence, either
favoring CO,RR or ammonia reduction instead of urea for-
mation. We recall here that Sabatier’s principle states that a too
strong or a too weak adsorption is not beneficial to the coupling
process, as the first case deactivates the catalytic activity of the
adsorbate, while the second one can lead to desorption of the
adsorbate. Generally, a good adsorption energy should have a
small, negative value close to zero, favoring the interaction
between the adsorbate and the substrate, but not strong
enough to inhibit the reaction. In the current case, we have a
two two-step adsorption (NO;~ followed by CO,, or the oppo-
site) and a one-step adsorption process that can compete. The
simultaneous adsorption of both gaseous molecules leads to a
strong, negative adsorption energy of —1.86 eV, which is too
strong and impedes the reaction to proceed further. If NO;™ is
adsorbed first, we obtain an adsorption energy of —1.83 eV, and
the subsequent adsorption of CO, for a strong destabilization
of the obtained *NO3;-*CO, system, with a positive energy of
0.38 eV suggesting that this pathway is not thermodynamically
stable. The reverse process, with an initial adsorption of CO,
leads to an energy stabilization of —1.02 eV, and the subse-
quent adsorption of NO;~ to an overall —0.43 eV stability of
the *NO;-*CO, system, suggesting that this is the favourable
sequence.

The obtained differences are not only related to the energetics,
but also to the conformation of the adsorbates, as depicted in
Fig. 5. The observed differences in adsorption geometries and
energies are reflected in the different electronic properties of the
adsorbates, such as the partial density of states (PDOS) and the
charge density difference (Fig. 5). The PDOS of the surface shows
that the d orbitals of both Ni and Mo catalytic centres are very
close to the Fermi energy, suggesting the high activity of this
DASC and a partial charge transfer of 0.33 and 1.12 |e”|. The
adsorption of NO; ™ leads to the formation of two chemical bonds
between the oxygen atoms and the Mo centre, with distance of
0.21 nm. The PDOS analysis shows that the d orbital states of Ni
are now further away (i.e., lower in energy) from the Fermi energy,
with the Mo atom protruding from the catalyst plane, since it is
now activated. This is confirmed by the amount of charge
transferred to NO; ™, with value of —0.78 |e” | and the significant
increase in positive charge over Mo of 1.49 |e” |, and to a less
extent on Ni, with a value of 0.42 |e™|. A different scenario arises
when the CO, adsorption is considered, with the molecule bent
and interacting with both metal centres, with a Mo-O bond
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Fig. 5 Projected density of state (PDOS) analysis of the spin polarized d orbitals for the bare surface and the adsorption of the NO3z™~ and CO, gases (spin
up in solid line, spin down with dotted line). The inset shows the charge density difference for the adsorption of NOs~, CO, and when adsorbed at the
same time. The yellow (blue) color represents loss (accumulation) of electrons. The black dotted lines represent the Fermi energy level.

distance of 0.20 nm and Ni-C of 0.19 nm, and the Ni atom being
out of the plane of the catalytic surface, indicating the activation
of this metal centre due to a rearrangement of the d orbitals.
In fact, the PDOS analysis shows that both Ni and Mo d states are
now closer to the Fermi energy, implying that both metals are
activated. The charge density difference and charge transfer (CT)
analyses confirm this view, as the CT to CO, has a value of
—1.01 |e” |, while on Ni, it is the same as for the NO;~ adsorption
(0.42 |e™|), and for Mo it increases up to 1.69 |e~|. Finally, for the
case when both NO;™ and CO, are adsorbed together, a Mo-O
bond distance of 0.21 nm for NO;~ and Ni-C of 0.19 nm for CO,
are obtained, which are shorter than when the two molecules are
considered isolated, due to a stronger adsorption energy. These
geometries and energy values are the result of a different
hybridization of the metal centres, which are now both active
and protruding out of the graphene plane. The PDOS analysis
confirms this hypothesis, as now the d orbitals states of both Ni
and Mo are closer to the Fermi energy. Moreover, the charge
density difference and CT analyses quantify this effect, with an
excess of electron over the adsorbed molecules with a value of
—0.84 |e | for CO, and —0.76 |e” | for NO;, while the positive
charge on the catalytic centres has a value of 1.66 |e” | for Mo and
0.46 |e™ | for Ni, in an intermediate range of value compared with
the isolated adsorptions. Therefore, the above analysis confirms
that the preferred pathway is the adsorption of CO, followed by
NOj; ™. The possible presence of HCI (as a residual of the synthetic
process) has been considered and the analysis reported in
the ESL.¥
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As experimental observations indicate that an applied bias
of —0.5 V drives the reaction towards the formation of ammo-
nia, we consider the reduction of NO;~ up to the formation of
NH at this potential as a likely pathway in the DFT modelling.
This pathway is referred to as the Langmuir-Hinshelwood
mechanism that proceeds by coupling adsorbed CO* and
NH* species to form NHCO*. As reported by Santoro,** the C-
intermediate *CO could couple with different N-intermediates
such as *NO, *NH, *NH, or *H,NOH. Hence, for the C-N
coupling reactions of *CO and *NH or *NH,, these two species
act as a base and attack the positively charged center of CO*,
promoting the formation a C-N bond and consequently the
formation of urea instead of ammonia. Once the NH inter-
mediate is formed, we compute an increase in the potential at
—0.7 V (to simulate the pulsing potential technique) to allow for
the reduction of CO, to CO, and then return to —0.5 V to obtain
urea. The full reaction pathway with applied potentials of —0.5
and —0.7 V is reported in Fig. S20 (ESI}).

Hence, the reaction starts with the adsorption of *NO;-
*CO,, which is thermodynamically favourable, with a calculated
adsorption energy of —0.93 eV. The first protonation forms
*NOz;H-*CO,, which is less stable than the precursors by
0.33 eV at an applied potential of —0.5 V. Water elimination
leads to the formation of *NO,—*CO,, which is strongly stabi-
lized, lying at —3.17 eV. Protonation of this intermediate leads
to *NO,H-*CO,, formation, which is less stable than the pre-
cursor by 0.36 eV. The second water elimination leads to the
formation of *XNO-*CO,, which is strongly stabilized compared
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with its precursor by —3.37 eV. The subsequent protonation
leas to *NOH-*CO,, which is the potential-dependent step
(PDS) of the whole reaction, for which the maximum reaction
free energy is 0.63 eV at —0.5 V vs. standard hydrogen electrode
(SHE). The obtained PDS is comparable with the 0.62 eV
reported in the literature for the formation of urea on a FeNi
dual atom catalysts for the same intermediate formation.*® This
step is also the PDS when no bias is applied, with a limiting
potential Uy, value of —1.13 eV (U, = —AGpps/e), meaning that
this potential is required to have a barrierless reaction pathway.
From this intermediate on, all the subsequent paths are
thermodynamically more stable than their precursors, and
the reaction proceeds spontaneously (Fig. 6a). *NOH-*CO, will
further exothermically dissociate into *NHOH-*CO, and *NH-
*CO, by accepting two protons from the solvent and eliminating
a water molecule.

From this intermediate, we increase the potential up to —0.7 V
to favour the CO, reduction to CO and further allow for the C-N
coupling to eventually obtain urea. The protonation of the oxygen
atom leads to the formation of *NH-CO,H, and the following
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Fig. 6 (a) Gibbs free energy reaction pathway for the urea formation. The
hyphen indicates the adsorption of both species on different metals. The
two C-N coupling steps are highlighted. (b) Competitive ammonia
reduction path.
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protonation and water elimination lead to the formation of *NH-
CO, which is more stable than the previous intermediate by
—0.39 eV. We consider this intermediate as the key step for the
formation of urea, as it has been reported that these two species
are critical precursor for the C-N bond coupling leading to the
product.*®> The second NO molecule would then be attached to the
newly generated Ni site (Fig. S21, ESIt). The next step is the first
crucial C-N coupling between *NH and the adjacent *CO to
obtain *NHCO in a thermodynamic spontaneous process, with
the coupled intermediate being more stable than the precursor by
—0.62 eV. The activation energy obtained from the transition state
(TS) of this reaction step is 0.61 eV, which has a lower value than
the PDS (1.13 eV), confirming that the reaction proceeds with a
late TS spontaneously towards urea formation (Fig. S22, ESIt).
Moreover, the Ni centre becomes free with the formation of
*NHCO, allowing for the absorption of a NO molecule. Thus,
the *NHCO on Mo and *NO on Ni can steadily couple together
and are converted into *NHCONO, which is the second crucial
intermediate with an energy stabilization of —0.79 eV. Protonation
of the oxygen leads to the formation of *NHCONOH, and sub-
sequent water removal forms *NHCON, which is highly stabilized
compared with the previous intermediate by —2.21 eV. From this
intermediate, additional protonation steps of the two nitrogen
atoms eventually lead to the formation of urea.

Since there is a possible competition pathway from *NH-
*CO to form *NH,—*CO either leading to urea or ammonia
reduction, we present both of them here (Fig. 6b). The compet-
ing pathway from *NH-*CO proceeds with the proton addition
leading to *NH,-*CO, which is exothermic with an energy
stabilization of —0.90 eV, and it is more stable than the C-N
coupling by 0.29 eV. From this intermediate, either the C-N
coupling to obtain *NH,CO or the proton addition leading to
*NH;-*CO are possible. While the first path is endothermic,
requiring an additional 1.09 eV of energy input, the second
path leads to the exothermic ammonia formation, with a small
stabilization energy of —0.10 eV. Considering the reaction when
the external bias in not considered (U = 0), we observe that an
energy of 1.59 eV is required for the *NH,CO coupling step.
Hence, this pathway is not favoured form a thermodynamical
point of view. On the other hand, as observed experimentally,
ammonia can be formed as only 0.4 eV are needed to obtain it,
and when we applied the pulsed bias, it is large enough to allow
for its formation. Yet, the *NH;-*CO intermediate is less stabi-
lized than the *NHCONO one by 0.4 eV, which explains the high
urea formation despite the concomitant ammonia production.

Finally, we considered the hydrogen evolution reaction (HER)
over the two catalytic centres. The HER is unfavourable on both
metals, with absorption free energies of —0.51 and —0.72 eV on Ni
and Mo, respectively, compared with the adsorption of NO; and
CO,.

Conclusions

The present study shows the synergistic effects that arise when
two complementary metal atoms are combined in single sites.
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Thus, by wise selection of negative (M0,0,,°") and positive
(Ni**) precursors, sites of Ni-Mo pairs (0.23 nm distance) have
been installed on N-doped graphitic carbon residues. These
dual Ni Mo sites are efficient electrocatalysts for urea synthesis,
with the efficiency derived from the complementary roles of
Ni and Mo preferentially effecting CO, reduction and NO;z;~
reduction, respectively, as deduced from the comparison with Ni-
SAC and Mo-SAC materials. By applying a pulsed protocol in which
the electrolysis is carried out at —0.5 V vs. RHE with short pulses of
—0.7 V vs. RHE, NiMo-DASC reaches a 31.8% faradaic efficiency
towards urea and a urea yield of 11.3 mmol geys @ h!
(1738 mmol guie * h™"), while exhibiting robust stability for
20 h electrolysis. In situ IR spectra show the presence on the catalyst
surface of adsorbed CO and NH, species which evolve to urea. DFT
calculations indicate that first adsorption of CO, (on Ni atom)
followed by NO; (on neighbor Mo) is the most likely starting point
of urea formation, with the crucial C-N bond formation taking
place, between adsorbed CO and NH species. Thus, the present
results show the synergism that arises from the combination of two
metals with different roles on the catalytic site due to the preference
of one metal atom for binding and reducing CO, (Ni) and the other
metal to reduce NO; (Mo) and the advantage of potential pulse to
activate different processes.
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