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HIGHLIGHTS

® Ordered intermetallic pallium-zinc (PdZn) electrocatalyst comprising a high density of PdZn pairs is synthesized for achieving co-

adsorption and co-activation carbon dioxide and nitrate.

e Both operando measurements and theoretical calculations reveal that the PdZn pairs provide a dual-site geometric structure conducive

to the key C—N coupling with a low kinetical barrier.

e The intermetallic PdZn displays excellent performance for the co-reduction of nitrate (NO;") and carbon dioxide (CO,) toward urea,

with a maximum FE ., of 62.78% at a small potential of —0.4 V versus RHE.

urea

ABSTRACT Electrochemical co-reduction of nitrate (NO5") and car-
bon dioxide (CO,) has been widely regarded as a promising route to
produce urea under ambient conditions, however the yield rate of urea
has remained limited. Here, we report an atomically ordered interme-
tallic pallium-zinc (PdZn) electrocatalyst comprising a high density
of PdZn pairs for boosting urea electrosynthesis. It is found that Pd
and Zn are responsible for the adsorption and activation of NO;™ and
CO,, respectively, and thus the co-adsorption and co-activation NO;~
and CO, are achieved in ordered PdZn pairs. More importantly, the

ordered and well-defined PdZn pairs provide a dual-site geometric

structure conducive to the key C-N coupling with a low kinetical bar-
rier, as demonstrated on both operando measurements and theoretical calculations. Consequently, the PdZn electrocatalyst displays
excellent performance for the co-reduction to generate urea with a maximum urea Faradaic efficiency of 62.78% and a urea yield rate of
1274.42 pg mg™' h!, and the latter is 1.5-fold larger than disordered pairs in PdZn alloys. This work paves new pathways to boost urea

electrosynthesis via constructing ordered dual-metal pairs.
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1 Introduction

As an important nitrogen fertilizer, urea has demonstrated its
crucial role in increasing grain yield [1-3]. Unfortunately,
the mass production of urea is mainly via the coupling of
carbon dioxide and liquid ammonia under harsh conditions
(i.e., high temperature and pressure), which requires high
energy consumption and expensive liquid ammonia as a
reactant [4—6]. Therefore, it is highly desirable to develop
an energy- and cost-saving route for urea production [7-10].
Currently, the electrochemical co-reduction of nitrate (NO3")
and carbon dioxide (CO,) has emerged as a promising route
for urea synthesis due to its mild reaction conditions and
relatively low energy consumption. Another benefit is that
NO;™ can come from wastewater, which helps to address
the environmental issue of NO;™ and thus promote nitrogen
cycle [11-15].

The process of NO;/CO, co-reduction to generate urea
is extremely complex involving 18 protons-coupled 16 elec-
trons transfer. Consequently, a variety of C and N byproducts
(i.e., CO, C,H,, NO,™, and NH,) are always simultaneously
generated during the co-reduction along with unavoidable
H, from the competitive hydrogen evolution reaction (HER),
leading to unsatisfied Faradaic efficiency (FE.,) of urea
[16-24]. To this end, great efforts have been devoted to
develop efficient and selective electrocatalysts for boosting
urea generation from the co-reduction [25-28]. Consider-
ing that the co-reduction comprises two subreactions of
the CO, reduction reaction (CO,RR) and NO;™ reduction
reaction (NO5;"RR), a qualified co-reduction electrocatalyst
should meet at least following three requirements: good co-
adsorption and co-activation ability for both CO, and NO5~,
geometric locations of active sites conducive to the key C—N
coupling, and strong ability for suppressing by-products
generation [29-31]. Since a single active site prefers dsorp-
tion and activation of specific C or N reactants, designing
electrocatalysts with a single active site that meet all above
three requirements remain a huge challenge. To break the
adsorption limitation of single active site, adjacent Fe—Ni
diatomic pairs, in which Fe sites for the NO;™ reduction and
Ni sites for CO, reduction, were constructed to boost the
formation of C/N intermediates and subsequent C—N cou-
than
the counterpart with a single Fe or Ni site [30]. Therefore,

pling, thus achieving a significantly increased FE

urea
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to promote urea generation from the co-reduction of CO,/
NOj, rationally designing and constructing efficient dual
active pairs are highly desirable.

Recently, the construction of diatomic pairs comprising
two nearby single atomic metals has emerged as a robust
strategy to boost various electrocatalytic reactions due to
the powerful synergetic effect between two atomic sites [30,
38-40]. However, the precise synthesis of such diatomic
sites with a high density is really difficult, which greatly
limits the selectivity and activity of these electrocatalysts.
We note that intermetallic compounds naturally comprise
two different kinds of metal atoms that are orderly arranged
in alternating rows, thereby offering a high density of dual-
metal pairs [41-43]. Moreover, in such metal pairs, the dis-
tance between two metal compositions is definite, which
provides a fully consistent dual-metal geometrical structure
to avoid by-product generation resulted from inconsistent
active sites. Therefore, we conceived that creating interme-
tallic compounds with ordered and efficient metal pairs may
significantly promote urea electrosynthesis while suppress
by-products generation, however related research on this
subject is still limited.

Herein, we design a PdZn intermetallic electrocatalyst
containing a high density of ordered PdZn pairs for boost-
ing the urea electrosynthesis. Structural characterizations
indicate that Pd and Zn atoms are orderly arranged in alter-
natingly rows, which makes Pd and Zn atoms closely con-
nected. By systemically investigating the performance of
pure Pd, pure Zn, and intermetallic PdZn for subreactions
of NO;RR and CO,RR, it is observed that Pd and Zn are
active for NO;"RR and CO,RR, respectively. Accordingly,
in ordered PdZn pairs, the co-adsorption and co-activation of
NO;™ and CO, are achieved to generate numerous *NH, and
*CO intermediates. Both density functional theory (DFT)
calculations and operando infrared spectra reveal the pres-
ence of strongly electronic coupling effect between nearby Pd
and Zn atoms in ordered PdZn pairs for reducing the energy
barrier of NO;"RR and CO,RR, and the geometric structure
of dual-metal sites to C—N bonds can smoothly drive the key
C-N coupling with a small kinetic barrier. Consequently, the
intermetallic PdZn enables a high urea yield rate at a small
potential of —0.4 V versus reversible hydrogen electrode
(RHE), significantly outperforming disordered PdZn alloys
and most of other reported electrocatalysts.

https://doi.org/10.1007/s40820-024-01462-w
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2 Experimental Section
2.1 Material Syntheses
2.1.1 Synthesis of PdZn/C

The ordered PdZn intermetallic compounds were synthesized
according to previous literatures with slight modifications [42].
In a typical process, 0.2 mmol PdCl, and 0.2 mmol ZnCl,
were dissolved in 20 mL deionized water to generate a clear
solution at 60 °C. Afterward, 77 mg porous carbon (Vulcan
X(C-72) was added into the solution under stirring, and then the
water was completely evaporated at 60 °C for 4~5 h, followed
by vacuum drying for 6 h to obtain black powders. Finally,
the black powders were calcinated at 300 °C in H, for 2 h to
obtain disordered PdZn alloys (denoted D-PdZn/C). As for the
ordered PdZn intermetallic compounds, the calcination tem-
perature in H, increased to 500 °C, and the resulting product
was denoted O-PdZn/C.

2.1.2 Synthesis of Pd/C

The synthesis process of Pd/C was similar as that of D-PdZn/C,
except that without Zn element was added and calcination con-
ditions changed to 150 °C in H, for 2 h.

2.1.3 Synthesis of Zn/C

The Zn/C sample was prepared via the electroreduction of
ZnO/C. Firstly, ZnO/C was synthesized through the similar
process as that of D-PdZn/C, except that without Pd element
was added and calcination conditions changed to 500 °C in Ar
for 2 h. Afterward, the ZnO/C was loaded on a carbon cloth
substrate, and ZnO was then reduced to Zn through the elec-
trochemical reduction at—2.1 V versus RHE in an Ar-saturated
0.2 M KHCOj solution for 30 min. The obtained product was
denoted Zn/C.

2.2 Material Characterization

Morphologies of different materials were investigated by field
emission scanning electron microscopy (FE-SEM) on a JEOL
JSM-7800F. Images of transmission electron microscopy
(TEM), high-angle annular dark-field scanning transmission
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electron microscopy (HAADF-STEM), and elemental map-
ping were collected on a JEOL JEM-F200. 2020 sorptom-
eter. X-ray diffraction (XRD) patterns were recorded on a D8
ADVANCE diffractometer with Cu Ka radiation. The chemi-
cal state of different materials was investigated by using a
Thermo VG Scientific ESCALAB 250 X-ray photoelectron
spectrometer (Thermo Electron, U.K.).

2.3 Electrochemical Measurements

Electrochemical measurements were carried out using a
CHI760E electrochemical workstation and a three-electrode
system, which included a piece of carbon paper (1 x 1 cm?)
loaded with electrocatalysts, an Ag/AgCl electrode, and a piece
of Pt foil as the working electrode, reference electrode and
counter electrode, respectively. The cathode and anode were
separated by a piece of Nafion@117 cation exchange mem-
brane in a typical H-Cell, and the electrolyte was CO,-saturated
0.1 M KNO; and 0.2 M KHCO;. The catalyst ink was pre-
pared by dispersing 2 mg electrocatalyst in a mixed solution
of 950 pL ethanol and 50 pL Nafion (5 wt% aqueous solution)
under sonication for 30 min, and then 100 pL inks were loaded
on carbon paper as the working electrode. Besides, we investi-
gated the influence of catalyst mass loading on the performance
of urea electrosynthesis, signifying that the optimal loading is
0.2 mg cm™2 (Fig. S1). Al LSV curves were collected without
IR compensation, and all the potentials were converted into the
reversible hydrogen electrode (RHE) scale using the following
equation:Egyr = Ejgaqcr + 0.2046 + 0.0591 X pH.

3 Results and Discussion
3.1 Structural Characterization

Considering that metallic Pd and Zn are highly active for
the NO5;"RR and CO,RR [44-48], respectively, we selected
Pd and Zn to construct an ordered intermetallic PdZn com-
pound (O-PdZn) comprising a high density of Pd-Zn pairs,
aiming to boost the generation of both C and N interme-
diates and subsequent coupling of these intermediates to
generate urea. O-PdZn was synthesized via a traditional
impregnation method including the first step of metal ion
impregnation on porous carbon supports and subsequent
high-temperature reduction in H, atmosphere, and the result-
ing sample was denoted as O-PdZn/C. Figure 1a showed

@ Springer
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the X-ray diffraction (XRD) pattern of O-PdZn/C, which
was well indexed to an ordered tetragonal structure (JCPDS:
03-065-9523). Since the crystal structure of O-PdZn/C was
different from that of Pd/C and Zn/C, the diffraction peaks
of Pd/C and Zn/C disappeared and the new diffraction peaks
appeared in the O-PdZn/C [49]. For comparison, pure Pd,
pure Zn, and disordered PdZn alloy nanoparticles were
also synthesized on the porous carbon as control samples
(Detailed synthetic processes see Experimental section),
which were denoted as Pd/C, Zn/C, and D-PdZn/C, respec-
tively, and corresponding XRD patterns were shown in Figs.
S2 and S3. Moreover, owing to the lattice contraction caused
by the entry of Zn atoms into the lattice matrix of Pd atoms,
the diffraction peaks of Zn element disappeared, and the
diffraction peaks at 40.46° and 47.02° for metallic Pd on
D-PdZn/C shifted to higher diffraction angles compared to
Pd/C. Transmission electron microscopy (TEM) images of
O-PdZn/C displayed the nanoparticles uniformly dispersed
on the porous carbon with the average diameter of 20.98
+ 0.1 nm (Fig. S4), and corresponding energy-dispersive
X-ray spectroscopy (EDX) elemental mappings confirmed
that Pd and Zn elements shared similar distributions (Figs.

S5, S6). As determined by Inductively Coupled Plasma Opti-
cal Emission Spectrometer (ICP-OES), the atomic ratio of
Pd/Zn was ~ 1 (Table S1), further confirming the generation
of PdZn intermetallic. TEM images and average diameter of
control samples were shown in Figs. S7-S9, and the results
indicated that the size of O-PdZn/C (21 nm) was larger than
that of D-PdZn/C (15 nm) due to the higher annealing tem-
peratures in O-PdZn/C. Moreover, the lattice spacing of
D-PdZn/C was 0.211 nm corresponding to the (111) plane
of disordered PdZn alloys. X-ray photoelectron spectroscopy
(XPS) measurements were performed to gain information
about the chemical compositions and valence states. As
depicted in Fig. S10, the XPS survey spectrum of O-PdZn/C
revealed the presence of Pd, Zn, O, and C elements. Moreo-
ver, binding energies of Pd 3d for O-PdZn/C shifted to lower
values compared to pure Pd, while binding energies of Zn 2p
for O-PdZn/C shifted to higher values with respect to pure
Zn, suggesting the existence of strong electronic coupling
effect between Pd and Zn. The atomic arrangement of Pd
and Zn in O-PdZn was further examined by using aberra-
tion-corrected high-angle annular dark-field scanning trans-
mission electron microscopy (HAADF-STEM). The entire
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Fig. 1 Structural characterization. a XRD pattern of O-PdZn/C. b Aberration-corrected HAADF-STEM images of O-PdZn/C. ¢ EELS line
scan profile extracted from the dashed box in the inset. d Three-dimensional crystal structure diagram and two-dimensional planar diagram of
0-PdZn/C, and the enlarged STEM images of b. e, f Intensity profiles measured from HAADF-STEM images of O-PdZn/C form the crystal
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lattice displayed as fully ordered rectangular arrays contain-
ing alternating bright and dark spots columns corresponding
to Pd and Zn atoms, respectively (Fig. 1b). Moreover, the
lattice spacing of 0.219 and 0.289 nm were well accordance
with (110) and (111) planes of O-PdZn. EDX elemental line
profiles, extracted from dashed boxes in insert of Fig. lc,
showed that Pd and Zn shared quite similar bell-shaped line
profiles (Fig. 1c), suggesting that Pd and Zn elements were
well mixed and uniformly distributed through the entire par-
ticle. The 3D model of the unit cell and the corresponding
2D planar graph of O-PdZn/C were then plotted in Fig. 1d,
and two vertically oriented unit cell are highlighted and
marked in the (110) and (111) directions. Moreover, the
intensity profiles obtained from STEM images in both (110)
and (111) directions manifested a similar periodic oscilla-
tion pattern (Fig. le, f), further confirming the formation of
atomic ordered PdZn pairs in O-PdZn/C sample.

3.2 Electrochemical Performance

The electrocatalytic performance of various samples for the
NO;RR, CO,RR, and co-reduction of NO;/CO, was evalu-
ated in 0.1 M KNOj; and 0.2 M KHCOj electrolyte with a
typic three-electrode system. Besides, we also investigated
the influence of alkali metal cations on the performance of
the co-reduction reaction. Compared with the electrolyte con-
taining Na™*, slight larger current densities were displayed in
the electrolyte containing K* (Fig. S11). As it reported, the
larger current densities on K* can be attributed to the reduced
energy barrier of C-N coupling [50]. Corresponding linear
sweep voltammetry (LSV) curves of O-PdZn/C displayed
larger current densities for the co-reduction compared to
the single NO;"RR and CO,RR (Fig. S12), indicating that
0O-PdZn/C is indeed active for the co-reduction. And then, we
compared the co-reduction activity of O-PdZn/C with other
control samples (i.e., Pd/C, Zn/C and D-PdZn/C). Obviously,
0-PdZn/C had superior co-reduction activity with higher
current densities than other samples at the whole potential
windows (Fig. 2a). To further demonstrated the superior
activity of O-PdZn/C, we determined FE
ferent potentials using high-performance liquid chroma-
tography (HPLC) (Fig. S13). As expected, O-PdZn/C had
higher FE
range, further confirming the superior activity for the co-

urea Values at dif-

wrea than other samples at whole tested potential

reduction to generate urea. For example, at the potential of

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

—0.4 V versus RHE, O-PdZn/C delivered a maximum FE .,
of 62.78%, larger than D-PdZn/C (41.19%), Pd/C (34.54%),
and Zn/C (21.45%) (Fig. 2b). With higher current densities
and FE,,.,, O-PdZn/C achieved a urea yield rate (Y,,.,) as
high as 1274.42 pg mg~!' h™!, 1.5-fold larger than D-PdZn/C,
twofold larger than Pd/C, and 4.3-fold larger than Zn/C
(Fig. 2¢). Moreover, O-PdZn/C exhibited a higher partial
current density of urea (j.,) at the whole potential windows
with respect to the control samples, further confirmed that
O-PdZn/C exhibited superior performance in urea electrosyn-
thesis (Fig. S14). To further enhance accuracy of FE .,
determination, we also detected the concentration of the urea
in liquid products via the modified diacetyl monoxime and
urease decomposition [13, 26, 51], and the result of these
two methods was consistent with that obtained from HPLC
(Figs. S15, S16), indicating the validity of our FE
To investigate the origin of the urea in liquid products from

area Values.
the co-reduction or other impurities, we performed isotope
tracer experiments by replacing 14NO3’ with ’NO;™ as the N
source, and the result confirmed that the detected urea indeed
originated from the electrocatalytic co-reduction rather than
other impurities (Fig. S17).

Considering the different structural feature of these sam-
ples, we deduced that the generation of dual PdZn pairs
especially ordered pairs was more favorable for urea gen-
eration with respect to single Pd or Zn sites. To gain fur-
ther insights into the superiority of ordered PdZn pairs for
boosting urea generation, we also investigated the product
distribution of O-PdZn/C for the NO;"RR and CO,RR at
—0.4 V versus. RHE, respectively (Fig. 2d). It was found that
Zn/C had a CO Faradic efficiency (FEg) of 55.32% much
larger than that of Pd/C (27.49%) for the CO,RR, whereas
the NH; Faradic efficiency (FEyy;) of Zn/C (31.26%) was
much smaller than that of Pd/C (65.32%), implying that Pd
and Zn exhibited a high activity for only a specific reaction,
such as the NO;"RR and CO,RR, respectively. Accordingly,
in ordered PdZn pairs of O-PdZn/C, Pd and Zn were respon-
sible for the NO;"RR and CO,RR, respectively, thereby gen-
erating a variety of N and C intermediates and consequently
increasing the colliding probability of these intermediates to
promote the key C-N coupling. As for D-PdZn/C with dis-
ordered PdZn pairs, both FEq and FE;; were smaller than
0O-PdZn/C with those of ordered PdZn pairs, indicating that
ordered PdZn pairs favored both the NO;"RR and CO,RR
to generate N and C intermediates. In general, compared
with disorder alloys, the two metal compositions in ordered

@ Springer
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intermetallic compounds had a stronger electronic coupling  inhomogeneous active sites for promoting the formation of C
effect for enhancing electrocatalytic activity. To this end,  and N byproducts (Figs. S20, S21). Accordingly, D-PdZn/C
we compared the behaviors of electron transfer between  displayed a small FE ., of 41.19% for the co-reduction. In
Pd and Zn on O-PdZn/C and D-PdZn/C using XPS spectra  sharp contrast, O-PdZn/C delivered a much larger FE .,
(Figs. S18, S19), indicating the presence of stronger elec-  of 62.78% because its PdZn pairs were atomically ordered
tron transfer on the former than the latter. Thus, compared  and well defined. Therefore, atomically ordered PdZn pairs
with D-PdZn/C, the larger FE, and FEyy; on O-PdZn/C  not only induced strong electronic coupling effect between
could be attributed to the stronger electronic coupling effect ~ Pd and Zn for boosting subreactions of the NO; RR and
between Pd and Zn for efficiently tuning the electronic struc-  CO,RR but also provided a geometric location with definite
ture of both Pd and Zn. Moreover, in D-PdZn/C, Pd and and adjacent PdZn dual sites conducive to the key C-N cou-
Zn atoms were randomly distributed, leading to generating  pling. With above two advantages, the urea electrosynthesis

© The authors https://doi.org/10.1007/s40820-024-01462-w
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performances of O-PdZn/C was superior than the control
samples (Fig. 2e) and compared favorably with most other
reported electrocatalysts (Fig. 2f).

Generally, metal nanoparticles with a smaller size and a
larger surface area provided more active sites for improving
electrocatalytic performance [52]. However, in our work,
0O-PdZn/C with a larger size displayed superior performance
for the co-reduction reaction than D-PdZn/C with a smaller
size, suggesting that the particle size was not a crucial factor
that governs the electrocatalytic performance. Besides, to
exclude the influence of different particle size on the elec-
trocatalytic performance, we normalized the yield rate of
urea by double-layer capacitance (Cy;) values, and O-PdZn
still displayed superior electrocatalytic performance than
D-PdZn, further confirming that the particle size was not a
crucial factor that governs the electrocatalytic performance
(Figs. S22-S24). Long-term stability is an important parame-
ter to evaluate whether an electrocatalyst is suitable for prac-
tical applications. After eight cycle’s electrolysis, the FE .,
and Y, of the O-PdZn/C remained nearly unchanged (Fig.
S25), signifying the good stability of the O-PdZn/C, and the
chronoamperometry test of the control samples were also
shown in Fig. S26. The fact that O-PdZn/C nanoparticles
were still uniformly dispersed on the porous carbon without
obvious aggregation (Fig. S27), and the crystalline phase
and chemical compositions of O-PdZn retained unchanged
after eight cycles electrolysis, further indicating that the
good stability of the O-PdZn/C (Figs. S28-S30).

3.3 In-situ Spectroscopy Measurements

Operando Fourier transform infrared spectroscopy (FT-IR)
provides a powerful tool to investigate the evolution of reac-
tion intermediates in real time during electrocatalytic reac-
tions. As displayed in Fig. 3a, we recorded the IR signals at
a wavenumber range from 1000 to 4000 cm™" under electro-
catalytic co-reduction conditions of NO;™ and CO,. When
the applied potentials were at a range of —0.2 to —-0.6 V
versus RHE, signals of N (*NH, at 1330 and 1546 cm™h
and C (*CO at 2063 cm™', and *COOH at 1403 cm™) inter-
mediates were observed on O-PdZn/C, indicating the pres-
ence of co-activation of NO;™ and CO, to generate N and C
intermediates (Fig. 3b) [33, 53, 54]. An obvious IR signal at
1457 cm™ for the C-N bond could also be observed, reflect-
ing that the ordered PdZn pairs could promote the key C-N

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

coupling process [55-60]. As it well reported, the C-N cou-
pling from the NO;7/CO, co-reduction prefers to undergo
through the coupling of *NH,/*CO or *NH/*CO [7, 12, 29,
55]. Considering that the *NH, and *CO were main N and C
intermediates for the co-reduction on O-PdZn/C, we inferred
that *NH, and *CO were the precursors of C—N coupling
over O-PdZn/C. The signal strength of *NH, and *CO much
stronger than that the signal of *NH on the differential elec-
trochemical mass spectrometry (DEMS) measurement dur-
ing the O-PdZn/C-catalyzed NO;/CO, co-reduction, further
provided evidence that the C-N coupling was achieved by
using the *NH, and *CO as precursors (Fig. S31). Moreover,
with respect to that on Pd/C (1654 cm™), Zn/C (1660 cm™)
and D-PdZn/C (1651 cm™), the peak of O-H on O-PdZn/C
(1643 cm™) red-shifted, suggesting the enhanced adsorption
strength of H,O molecule on O-PdZn/C [61, 62], which in
turn promoted the water dissociation step to provide abun-
dant protons required by the urea electrosynthesis (Fig.
S32). In addition, operando FT-IR results of Pd/C, Zn/C,
and D-PdZn/C revealed that they shared the similar reaction
pathway with O-PdZn/C, and the C-N coupling was also
achieved by using *NH, and *CO as precursors (Fig. S33).
It should be noted that intensities of *NH,, *CO, and C-N
bond on O-PdZn/C significantly enhanced with respect to
that of Pd/C, Zn/C and D-PdZn (Fig. 3c), implying that the
generation of ordered PdZn pairs facilitated not only sub-
reactions of both NO;"RR and CO,RR for generating more
N and C intermediates but also the key C-N coupling step
for highly efficient urea electrosynthesis, in consistent with
above electrochemical co-reduction results.

3.4 Theoretical Insight into the Mechanism

To further understand the enhanced mechanism of ordered
PdZn pairs for urea electrosynthesis, DFT calculations
were performed. We first investigated the electronic cou-
pling effect between Pd and Zn by computing differential
charge density maps (Fig. S34). The result suggested the
presence of electronic transfer from Zn to Pd species, in
accordance with above XPS results. Such electronic struc-
ture tuning between Zn and Pd species in PdZn pairs may
alter the electrocatalytic behaviors for subreactions of the
CO,RR and NO; RR, respectively. To this end, we computed
free energy diagrams for the electrochemical reduction of
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NOj;™ to generate *NH, intermediates on the surface of pure
Pd and Pd sites of O-PdZn. As displayed in Fig. 4a, Pd sites
of O-PdZn (0.71 eV) enabled a lower energy barrier of poten-
tial-determining step (PDS) for the adsorption of NO;™ than
pure Pd (0.83 eV), suggesting the higher activity of Pd sites
on O-PdZn for the electrochemical reduction of NO;™ to gen-
erate *NH,. Likewise, Zn sites of O-PdZn also exhibited a
lower energy barrier and thus higher activity for the elec-
trochemical reduction of CO, to generate *CO, compared
with that of pure Zn (Fig. 4b). Hence, the electronic coupling
effect between Pd and Zn in O-PdZn suitably modified the
electronic structure of Pd and Zn for enhancing the activ-
ity NO;RR and CO,RR subreactions, respectively. Then,
we computed the kinetics barrier of C-N coupling on the
surface of pure Pd, D-PdZn, and O-PdZn (Fig. 4c), and the
results indicated that the geometric structure of ordered PdZn
pairs indeed promoted the C—N coupling, and kinetics of bar-
rier of O-PdZn (0.68 eV) was much smaller than the pure
Pd (1.12 eV) and D-PdZn (0.87 eV). Figure 4d displayed a

© The authors

picture that order PdZn pairs promoted the C—N coupling
and urea generation. All structural models for DFT calcula-
tions were shown in Figs. S35-S39. Overall, ordered PdZn
pairs in O-PdZn could not only promote key *NH, and *CO
intermediates generation via the strong electronic coupling
effect between Pd and Zn but also provided a geometric struc-
ture conductive for the C—N coupling from *NH, and *CO,
thereby achieving a great improvement on yield rate of urea.

4 Conclusion

In summary, we have demonstrated that an intermetallic
PdZn electrocatalyst with a high density of ordered PdZn
pairs could significantly promote the urea electrosynthesis
from the NO;7/CO, co-reduction, with a maximum FE .,
of 62.78% at a small potential of —0.4 V versus RHE, corre-
sponding to a Y., of 1274.42 pg mg™' h™! that displayed 1.5-
fold improvement than disordered PdZn alloys and higher

https://doi.org/10.1007/s40820-024-01462-w
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than most of reported electrocatalysts. Mechanism analysis,
wherein we combined operando FT-IR spectra and DFT
calculations, revealed that the ordered PdZn pairs not only
efficiently promoted the co-adsorption and co-activation of
NO;™ and CO, to concurrently produce abundant *NH, and
*CO intermediates but also provided a dual-metal geometric
structure that conducive to the key C-N coupling from *NH,
and *CO yet suppresses NH; and CO by-products genera-
tion. It should be noted that the atomically ordered arrange-
ment is key to the excellent electrocatalytic performance
because it ensures that geometric and electronic structure of
PdZn pairs are consistent throughout the entire electrocata-
lyst. We believed that the fresh concept of designing efficient
and ordered dual-metal pairs can be extended to develop a
variety of advanced electrocatalysts for enhancing activity
and selectivity of other important electrochemical coupling
reactions.

Acknowledgements This work was supported by the National
Natural Science Foundation of China (22379100, U21A20312),
the Shenzhen Science and Technology Program (Grant No.
20231121200418001), the Guangdong Basic and Applied
Basic Research Foundation (2022B1515120084), and the Key
Project of Department of Education of Guangdong Province
(2023ZDZX3020). We also acknowledge the Instrumental Analysis

u\

) SHANGHAI JIAO TONG UNIVERSITY PRESS

o

Centre of Shenzhen University for performing 'H-NMR, and the
Electron Microscopy Centre of Shenzhen University for testing the
HADDF-STEM. TEM.

Declarations

Conflict of interests The authors declare no interest conflict. They
have no known competing financial interests or personal relationships
that could have appeared to influence the work reported in this paper.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Com-
mons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Com-
mons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of
this licence, visit http://creativecommons.org/licenses/by/4.0/.

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/
s40820-024-01462-w.

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s40820-024-01462-w
https://doi.org/10.1007/s40820-024-01462-w

247

Page 10 of 12

Nano-Micro Lett. (2024) 16:247

References

1.

10.

11.

12.

C. Chen, X. Zhu, X. Wen, Y. Zhou, L. Zhou et al., Coupling
N, and CO, in H,O to synthesize urea under ambient condi-
tions. Nat. Chem. 12, 717-724 (2020). https://doi.org/10.1038/
s41557-020-0481-9

J. Li, Y. Zhang, K. Kuruvinashetti, N. Kornienko, Construc-
tion of C—N bonds from small-molecule precursors through
heterogeneous electrocatalysis. Nat. Rev. Chem. 6, 303-319
(2022). https://doi.org/10.1038/s41570-022-00379-5

X. Peng, L. Zeng, D. Wang, Z. Liu, Y. Li et al., Electrochemi-
cal C-N coupling of CO, and nitrogenous small molecules
for the electrosynthesis of organonitrogen compounds. Chem.
Soc. Rev. 52, 2193-2237 (2023). https://doi.org/10.1039/
d2cs00381c

A.J. Martin, T. Shinagawa, J. Pérez-Ramirez, Electrocatalytic
reduction of nitrogen: from Haber-Bosch to ammonia artifi-
cial leaf. Chem 5, 263-283 (2019). https://doi.org/10.1016/j.
chempr.2018.10.010

Y. Zhao, Y. Ding, W. Li, C. Liu, Y. Li et al., Efficient urea
electrosynthesis from carbon dioxide and nitrate via alternat-
ing Cu-W bimetallic C-N coupling sites. Nat. Commun. 14,
4491 (2023). https://doi.org/10.1038/s41467-023-40273-2

Y. Wang, S. Xia, J. Zhang, Z. Li, R. Cai et al., Spatial man-
agement of CO diffusion on tandem electrode promotes NH,
intermediate formation for efficient urea electrosynthesis. ACS
Energy Lett. 8, 3373-3380 (2023). https://doi.org/10.1021/
acsenergylett.3c00824

C. Lv, L. Zhong, H. Liu, Z. Fang, C. Yan et al., Selective
electrocatalytic synthesis of urea with nitrate and carbon diox-
ide. Nat. Sustain. 4, 868-876 (2021). https://doi.org/10.1038/
$41893-021-00741-3

M. Yuan, J. Chen, H. Zhang, Q. Li, L. Zhou et al., Host—guest
molecular interaction promoted urea electrosynthesis over
a precisely designed conductive metal-organic framework.
Energy Environ. Sci. 15, 2084-2095 (2022). https://doi.org/
10.1039/d1ee03918k

D. Wang, C. Chen, S. Wang, Defect engineering for advanced
electrocatalytic conversion of nitrogen-containing molecules.
Sci. China Chem. 66, 1052—-1072 (2023). https://doi.org/10.
1007/s11426-022-1419-y

X. Zhang, X. Zhu, S. Bo, C. Chen, K. Cheng et al., Electrocat-
alytic urea synthesis with 63.5% faradaic efficiency and 100%
N-Selectivity via one-step C—N coupling. Angew. Chem. Int.
Ed. 62, 202305447 (2023). https://doi.org/10.1002/anie.
202305447

Y. Gao, J. Wang, Y. Yang, J. Wang, C. Zhang et al., Engineer-
ing spin states of isolated copper species in a metal-organic
framework improves urea electrosynthesis. Nano-Micro Lett.
15, 158 (2023). https://doi.org/10.1007/s40820-023-01127-0

J. Leverett, T. Tran-Phu, J.A. Yuwono, P. Kumar, C. Kim et al.,
Tuning the coordination structure of Cu—N—C single atom cat-
alysts for simultaneous electrochemical reduction of CO, and
NOj™ to urea. Adv. Energy Mater. 12, 2201500 (2022). https://
doi.org/10.1002/aenm.202201500

© The authors

13.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

X. Wei, X. Wen, Y. Liu, C. Chen, C. Xie et al., Oxygen
vacancy-mediated selective C—N coupling toward electrocat-
alytic urea synthesis. J. Am. Chem. Soc. 144, 11530-11535
(2022). https://doi.org/10.1021/jacs.2c03452

. Q. Zhao, X. Lu, Y. Wang, S. Zhu, Y. Liu et al., Sustainable

and high-rate electrosynthesis of nitrogen fertilizer. Angew.
Chem. Int. Ed. 62, €20230712310 (2023). https://doi.org/10.
1002/anie.202307123

T. Hou, J. Ding, H. Zhang, S. Chen, Q. Liu et al., FeNi; nano-
particles for electrocatalytic synthesis of urea from carbon
dioxide and nitrate. Mater. Chem. Front. 7, 49524960 (2023).
https://doi.org/10.1039/d3qm00627a

M. Yuan, J. Chen, Y. Bai, Z. Liu, J. Zhang et al., Unveiling
electrochemical urea synthesis by co-activation of CO, and N,
with Mott-Schottky heterostructure catalysts. Angew. Chem.
Int. Ed. 60, 10910-10918 (2021). https://doi.org/10.1002/anie.
202101275

Y. Liu, X. Tu, X. Wei, D. Wang, X. Zhang et al., C-bound
or O-bound surface: which one boosts electrocatalytic urea
synthesis? Angew. Chem. Int. Ed. 62, €202300387 (2023).
https://doi.org/10.1002/anie.202300387

C. Ly, C. Lee, L. Zhong, H. Liu, J. Liu et al., A defect engi-
neered electrocatalyst that promotes high-efficiency urea syn-
thesis under ambient conditions. Nano Lett. 16, 8213-8222
(2022). https://doi.org/10.1021/acsnano.2c01956

D. Wu, R. Feng, C. Xu, P.-F. Sui, J. Zhang et al., Regulating
the electron localization of metallic bismuth for boosting CO,
electroreduction. Nano-Micro Lett. 14, 38 (2021). https://doi.
org/10.1007/s40820-021-00772-7

B. Rhimi, M. Zhou, Z. Yan, X. Cai, Z. Jiang, Cu-based
materials for enhanced C,, product selectivity in photo-/
electro-catalytic CO, reduction: challenges and prospects.
Nano-Micro Lett. 16, 64 (2024). https://doi.org/10.1007/
s40820-023-01276-2

X.-Y. Ji, K. Sun, Z.-K. Liu, X. Liu, W. Dong et al., Identifica-
tion of dynamic active sites among Cu species derived from
MOFs@CuPc for electrocatalytic nitrate reduction reaction to
ammonia. Nano-Micro Lett. 15, 110 (2023). https://doi.org/10.
1007/s40820-023-01091-9

C.S. Gerke, Y. Xu, Y. Yang, G.D. Foley, B. Zhang et al., Elec-
trochemical C-N bond formation within boron imidazolate
cages featuring single copper sites. J. Am. Chem. Soc. 145,
26144-26151 (2023). https://doi.org/10.1021/jacs.3c08359

S. Chen, G. Qi, R. Yin, Q. Liu, L. Feng et al., Electrocata-
lytic nitrate-to-ammonia conversion on CoO/CuO nanoarrays
using Zn-nitrate batteries. Nanoscale 15, 19577-19585 (2023).
https://doi.org/10.1039/d3nr05254k

R. He, N. Xu, LM.U. Hasan, L. Peng, L. Li et al., Advances in
electrolyzer design and development for electrochemical CO,
reduction. EcoMat. §, €12346 (2023). https://doi.org/10.1002/
eom?2.12346

S. Zhang, J. Geng, Z. Zhao, M. Jin, W. Li et al., High-effi-
ciency electrosynthesis of urea over bacterial cellulose regu-
lated Pd—Cu bimetallic catalyst. EES. Catal. 1, 45-53 (2023).
https://doi.org/10.1039/D2EY00038E

https://doi.org/10.1007/s40820-024-01462-w


https://doi.org/10.1038/s41557-020-0481-9
https://doi.org/10.1038/s41557-020-0481-9
https://doi.org/10.1038/s41570-022-00379-5
https://doi.org/10.1039/d2cs00381c
https://doi.org/10.1039/d2cs00381c
https://doi.org/10.1016/j.chempr.2018.10.010
https://doi.org/10.1016/j.chempr.2018.10.010
https://doi.org/10.1038/s41467-023-40273-2
https://doi.org/10.1021/acsenergylett.3c00824
https://doi.org/10.1021/acsenergylett.3c00824
https://doi.org/10.1038/s41893-021-00741-3
https://doi.org/10.1038/s41893-021-00741-3
https://doi.org/10.1039/d1ee03918k
https://doi.org/10.1039/d1ee03918k
https://doi.org/10.1007/s11426-022-1419-y
https://doi.org/10.1007/s11426-022-1419-y
https://doi.org/10.1002/anie.202305447
https://doi.org/10.1002/anie.202305447
https://doi.org/10.1007/s40820-023-01127-0
https://doi.org/10.1002/aenm.202201500
https://doi.org/10.1002/aenm.202201500
https://doi.org/10.1021/jacs.2c03452
https://doi.org/10.1002/anie.202307123
https://doi.org/10.1002/anie.202307123
https://doi.org/10.1039/d3qm00627a
https://doi.org/10.1002/anie.202101275
https://doi.org/10.1002/anie.202101275
https://doi.org/10.1002/anie.202300387
https://doi.org/10.1021/acsnano.2c01956
https://doi.org/10.1007/s40820-021-00772-7
https://doi.org/10.1007/s40820-021-00772-7
https://doi.org/10.1007/s40820-023-01276-2
https://doi.org/10.1007/s40820-023-01276-2
https://doi.org/10.1007/s40820-023-01091-9
https://doi.org/10.1007/s40820-023-01091-9
https://doi.org/10.1021/jacs.3c08359
https://doi.org/10.1039/d3nr05254k
https://doi.org/10.1002/eom2.12346
https://doi.org/10.1002/eom2.12346
https://doi.org/10.1039/D2EY00038E

Nano-Micro Lett.

(2024) 16:247

Page 11 of 12 247

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

N. Meng, X. Ma, C. Wang, Y. Wang, R. Yang et al., Oxide-
derived core-shell Cu@Zn nanowires for urea electrosynthe-
sis from carbon dioxide and nitrate in water. Nano lett. 16,
9095-9104 (2022). https://doi.org/10.1021/acsnano.2c01177

H. Wang, Y. Jiang, S. Li, F. Gou, X. Liu et al., Realizing effi-
cient C-N coupling via electrochemical co-reduction of CO,
and NO;™ on AuPd nanoalloy to form urea: key C-N coupling
intermediates. Appl. Catal. B Environ. 318, 121819 (2022).
https://doi.org/10.1016/j.apcatb.2022.121819

H. Wan, X. Wang, L. Tan, M. Filippi, P. Strasser et al., Elec-
trochemical synthesis of urea: co-reduction of nitric oxide and
carbon monoxide. ACS Catal. 13, 1926-1933 (2023). https://
doi.org/10.1021/acscatal.2c05315

X. Liu, Y. Jiao, Y. Zheng, M. Jaroniec, S.-Z. Qiao, Mecha-
nism of C-N bonds formation in electrocatalytic urea pro-
duction revealed by ab initio molecular dynamics simulation.
Nat. Commun. 13, 5471 (2022). https://doi.org/10.1038/
s41467-022-33258-0

X. Zhang, X. Zhu, S. Bo, C. Chen, M. Qiu et al., Identifying
and tailoring C-N coupling site for efficient urea synthesis
over diatomic Fe—Ni catalyst. Nat. Commun. 13, 5337 (2022).
https://doi.org/10.1038/s41467-022-33066-6

S. Zhang, Y. Zha, Y. Ye, K. Li, Y. Lin et al., Oxygen-coor-
dinated single Mn sites for efficient electrocatalytic nitrate
reduction to ammonia. Nano-Micro Lett. 16, 9 (2023). https://
doi.org/10.1007/s40820-023-01217-z

X. Rao, J. Yan, K. Yokoyama, X. Shao, C. Inoue et al., A
porous Co;0,-carbon paper electrode enabling nearly 100%
electrocatalytic reduction of nitrate to ammonia. Mater. Rep.
Energy 3, 100216 (2023). https://doi.org/10.1016/j.matre.
2023.100216

B. Xu, .LM.U. Hasan, L. Peng, J. Liu, N. Xu et al., Anion-
regulation engineering toward Cu/In/MOF bimetallic electro-
catalysts for selective electrochemical reduction of CO, to CO/
formate. Mater Rep Energy. 2, 100139 (2022). https://doi.org/
10.1016/j.matre.2022.100139

L. Peng, C. Chen, R. He, N. Xu, J. Qiao et al., Tin-doped bis-
muth dendrites for highly efficient electrocatalytic reduction
of CO, by using bipolar membrane in ultrathin liquid reactor.
EcoMat 4, 12260 (2022). https://doi.org/10.1002/eom2.12260

L. Peng, Y. Zhang, R. He, N. Xu, J. Qiao, Research advances
in electrocatalysts, electrolytes, reactors and membranes for
the electrocatalytic carbon dioxide reduction reaction. Acta
Phys. Chim. Sin. (2023). https://doi.org/10.3866/pku.whxb2
02302037

J. Yan, Y. Guan, B. Marchetti, Y. Liu, F. Ning et al., Bi-Eu
bimetallic catalysts enabling ultrastable electroreduction of
CO, with a ~ 100% formate Faradaic efficiency. Chem. Eng. J.
467, 143531 (2023). https://doi.org/10.1016/j.cej.2023.143531
M. Yang, G. Meng, H. Li, T. Wei, Q. Liu et al., Bifunctional
bimetallic oxide nanowires for high-efficiency electrosynthesis
of 2, 5-furandicarboxylic acid and ammonia. J. Colloid Inter-
face Sci. 652, 155-163 (2023). https://doi.org/10.1016/j.jcis.
2023.08.079

Y. Ji, Z. Chen, R. Wei, C. Yang, Y. Wang et al., Selective CO-
to-acetate electroreduction via intermediate adsorption tuning

/‘\ SHANGHAI JIAO TONG UNIVERSITY PRESS

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

on ordered Cu—Pd sites. Nat. Catal. 5, 251-258 (2022). https://
doi.org/10.1038/s41929-022-00757-8

J. Geng, S. Ji, M. Jin, C. Zhang, M. Xu et al., Ambient elec-
trosynthesis of urea with nitrate and carbon dioxide over
iron-based dual-sites. Angew. Chem. Int. Ed. 62, €202210958
(2023). https://doi.org/10.1002/anie.202210958

Y. Li, Y. Li, H. Sun, L. Gao, X. Jin et al., Current status and
perspectives of dual-atom catalysts towards sustainable energy
utilization. Nano-Micro Lett. 16, 139 (2024). https://doi.org/
10.1007/s40820-024-01347-y

C.-L. Yang, L.-N. Wang, P. Yin, J. Liu, M.-X. Chen et al.,
Sulfur-anchoring synthesis of platinum intermetallic nano-
particle catalysts for fuel cells. Science 374, 459-464 (2021).
https://doi.org/10.1126/science.abj9980

Y. Yang, W. Xiao, X. Feng, Y. Xiong, M. Gong et al., Golden
palladium zinc ordered intermetallics as oxygen reduction
electrocatalysts. Nano Lett. 13, 5968-5974 (2019). https://
doi.org/10.1021/acsnano.9b01961

W. Xiao, M.A.L. Cordeiro, G. Gao, A. Zheng, J. Wang et al.,
Atomic rearrangement from disordered to ordered Pd—Fe
nanocatalysts with trace amount of Pt decoration for efficient
electrocatalysis. Nano Energy 50, 70-78 (2018). https://doi.
org/10.1016/j.nanoen.2018.05.032

Q. Gao, B. Yao, H.S. Pillai, W. Zang, X. Han et al., Syn-
thesis of core/shell nanocrystals with ordered intermetallic
single-atom alloy layers for nitrate electroreduction to ammo-
nia. Nat. Synth. 2, 624-634 (2023). https://doi.org/10.1038/
$44160-023-00258-x

J. Lim, C.-Y. Liu, J. Park, Y.-H. Liu, T.P. Senftle et al., Struc-
ture sensitivity of Pd facets for enhanced electrochemical
nitrate reduction to ammonia. ACS Catal. 11, 7568-7577
(2021). https://doi.org/10.1021/acscatal.1c01413

W. Luo, J. Zhang, M. Li, A. Ziittel, Boosting CO production in
electrocatalytic CO, reduction on highly porous Zn catalysts.
ACS Catal. 9, 3783-3791 (2019). https://doi.org/10.1021/
acscatal.8b05109

J. Rosen, G.S. Hutchings, Q. Lu, R.V. Forest, A. Moore et al.,
Electrodeposited Zn dendrites with enhanced CO selectivity
for electrocatalytic CO, reduction. ACS Catal. 5, 4586-4591
(2015). https://doi.org/10.1021/acscatal.5b00922

Y. Guo, R. Zhang, S. Zhang, Y. Zhao, Q. Yang et al., Pd dop-
ing-weakened intermediate adsorption to promote electrocata-
lytic nitrate reduction on TiO, nanoarrays for ammonia pro-
duction and energy supply with zinc—nitrate batteries. Energy
Environ. Sci. 14, 3938-3944 (2021). https://doi.org/10.1039/
D1EE00806D

M. Hu, S. Zhao, S. Liu, C. Chen, W. Chen et al., MOF-con-
fined sub-2 nm atomically ordered intermetallic PdZn nano-
particles as high-performance catalysts for selective hydrogen-
ation of acetylene. Adv. Mater. 30, 1801878 (2018). https://
doi.org/10.1002/adma.201801878

X. Tu, X. Zhu, S. Bo, X. Zhang, R. Miao et al., A univer-
sal approach for sustainable urea synthesis via intermediate
assembly at the electrode/electrolyte interface. Angew. Chem.
Int. Ed. 63, €202317087 (2024). https://doi.org/10.1002/anie.
202317087

@ Springer


https://doi.org/10.1021/acsnano.2c01177
https://doi.org/10.1016/j.apcatb.2022.121819
https://doi.org/10.1021/acscatal.2c05315
https://doi.org/10.1021/acscatal.2c05315
https://doi.org/10.1038/s41467-022-33258-0
https://doi.org/10.1038/s41467-022-33258-0
https://doi.org/10.1038/s41467-022-33066-6
https://doi.org/10.1007/s40820-023-01217-z
https://doi.org/10.1007/s40820-023-01217-z
https://doi.org/10.1016/j.matre.2023.100216
https://doi.org/10.1016/j.matre.2023.100216
https://doi.org/10.1016/j.matre.2022.100139
https://doi.org/10.1016/j.matre.2022.100139
https://doi.org/10.1002/eom2.12260
https://doi.org/10.3866/pku.whxb202302037
https://doi.org/10.3866/pku.whxb202302037
https://doi.org/10.1016/j.cej.2023.143531
https://doi.org/10.1016/j.jcis.2023.08.079
https://doi.org/10.1016/j.jcis.2023.08.079
https://doi.org/10.1038/s41929-022-00757-8
https://doi.org/10.1038/s41929-022-00757-8
https://doi.org/10.1002/anie.202210958
https://doi.org/10.1007/s40820-024-01347-y
https://doi.org/10.1007/s40820-024-01347-y
https://doi.org/10.1126/science.abj9980
https://doi.org/10.1021/acsnano.9b01961
https://doi.org/10.1021/acsnano.9b01961
https://doi.org/10.1016/j.nanoen.2018.05.032
https://doi.org/10.1016/j.nanoen.2018.05.032
https://doi.org/10.1038/s44160-023-00258-x
https://doi.org/10.1038/s44160-023-00258-x
https://doi.org/10.1021/acscatal.1c01413
https://doi.org/10.1021/acscatal.8b05109
https://doi.org/10.1021/acscatal.8b05109
https://doi.org/10.1021/acscatal.5b00922
https://doi.org/10.1039/D1EE00806D
https://doi.org/10.1039/D1EE00806D
https://doi.org/10.1002/adma.201801878
https://doi.org/10.1002/adma.201801878
https://doi.org/10.1002/anie.202317087
https://doi.org/10.1002/anie.202317087

247

Page 12 of 12

Nano-Micro Lett. (2024) 16:247

51.

52.

53.

54.

55.

56.

57.

Y. Huang, Y. Wang, Y. Liu, A. Ma, J. Gui et al., Unveiling
the quantification minefield in electrocatalytic urea synthesis.
Chem. Eng. J. 453, 139836 (2023). https://doi.org/10.1016/].
cej.2022.139836

Q. Hu, K. Gao, X. Wang, H. Zheng, J. Cao et al., Subnanomet-
ric Ru clusters with upshifted D band center improve perfor-
mance for alkaline hydrogen evolution reaction. Nat. Commun.
13, 3958 (2022). https://doi.org/10.1038/541467-022-31660-2

D. Zhang, Y. Xue, X. Zheng, C. Zhang, Y. Li, Multi-heteroin-
terfaces for selective and efficient urea production. Natl. Sci.
Rev. 10, nwac209 (2022). https://doi.org/10.1093/nsr/nwac209

S. Zhu, B. Jiang, W.-B. Cai, M. Shao, Direct observation on
reaction intermediates and the role of bicarbonate anions in
CO, electrochemical reduction reaction on Cu surfaces. J.
Am. Chem. Soc. 139, 15664-15667 (2017). https://doi.org/
10.1021/jacs.7b10462

Y. Huang, R. Yang, C. Wang, N. Meng, Y. Shi et al., Direct
electrosynthesis of urea from carbon dioxide and nitric oxide.
ACS Energy Lett. 7, 284-291 (2022). https://doi.org/10.1021/
acsenergylett.1c02471

N. Meng, Y. Huang, Y. Liu, Y. Yu, B. Zhang, Electrosynthesis
of urea from nitrite and CO, over oxygen vacancy-rich ZnO
porous nanosheets. Cell Rep. Phys. Sci. 2, 100378 (2021).
https://doi.org/10.1016/j.xcrp.2021.100378

M. Sun, G. Wu, J. Jiang, Y. Yang, A. Du et al., Carbon-
anchored molybdenum oxide nanoclusters as efficient catalysts
for the electrosynthesis of ammonia and urea. Angew. Chem.

© The authors

58.

59.

60.

61.

62.

Int. Ed. 62, €202301 957 (2023). https://doi.org/10.1002/anie.
202301957

M. Yuan, H. Zhang, Y. Xu, R. Liu, R. Wang et al., Artifi-
cial frustrated Lewis pairs facilitating the electrochemical N,
and CO, conversion to urea. Chem Catal. 2, 309-320 (2022).
https://doi.org/10.1016/j.checat.2021.11.009

X. Liu, P.V. Kumar, Q. Chen, L. Zhao, F. Ye et al., Carbon
nanotubes with fluorine-rich surface as metal-free electro-
catalyst for effective synthesis of urea from nitrate and CO,.
Appl. Catal. B Environ. 316, 121618 (2022). https://doi.org/
10.1016/j.apcatb.2022.121618

M. Yuan, J. Chen, Y. Bai, Z. Liu, J. Zhang et al., Electrochemi-
cal C-N coupling with perovskite hybrids toward efficient urea
synthesis. Chem. Sci. 12, 6048-6058 (2021). https://doi.org/
10.1039/D1SC01467F

Q. Hu, Y. Qin, X. Wang, Z. Wang, X. Huang et al., Reaction
intermediate-mediated electrocatalyst synthesis favors speci-
fied facet and defect exposure for efficient nitrate—ammonia
conversion. Energy Environ. Sci. 14, 4989-4997 (2021).
https://doi.org/10.1039/D1EE01731D

Z. Chen, T. Wang, B. Liu, D. Cheng, C. Hu et al., Grain-
boundary-rich copper for efficient solar-driven electrochemical
CO, reduction to ethylene and ethanol. J. Am. Chem. Soc.
142, 6878-6883 (2020). https://doi.org/10.1021/jacs.0c00971

https://doi.org/10.1007/s40820-024-01462-w


https://doi.org/10.1016/j.cej.2022.139836
https://doi.org/10.1016/j.cej.2022.139836
https://doi.org/10.1038/s41467-022-31660-2
https://doi.org/10.1093/nsr/nwac209
https://doi.org/10.1021/jacs.7b10462
https://doi.org/10.1021/jacs.7b10462
https://doi.org/10.1021/acsenergylett.1c02471
https://doi.org/10.1021/acsenergylett.1c02471
https://doi.org/10.1016/j.xcrp.2021.100378
https://doi.org/10.1002/anie.202301957
https://doi.org/10.1002/anie.202301957
https://doi.org/10.1016/j.checat.2021.11.009
https://doi.org/10.1016/j.apcatb.2022.121618
https://doi.org/10.1016/j.apcatb.2022.121618
https://doi.org/10.1039/D1SC01467F
https://doi.org/10.1039/D1SC01467F
https://doi.org/10.1039/D1EE01731D
https://doi.org/10.1021/jacs.0c00971

	Boosting Electrochemical Urea Synthesis via Constructing Ordered Pd–Zn Active Pair
	Highlights
	Abstract 
	1 Introduction
	2 Experimental Section
	2.1 Material Syntheses
	2.1.1 Synthesis of PdZnC
	2.1.2 Synthesis of PdC
	2.1.3 Synthesis of ZnC

	2.2 Material Characterization
	2.3 Electrochemical Measurements

	3 Results and Discussion
	3.1 Structural Characterization
	3.2 Electrochemical Performance
	3.3 In-situ Spectroscopy Measurements
	3.4 Theoretical Insight into the Mechanism

	4 Conclusion
	Acknowledgements 
	References


