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ABSTRACT: Electrocatalytic urea synthesis is a promising alternative to the energy- Stacked tandem GDE
intensive conventional industrial process. However, it lacks highly active and CONNH),

selective catalyst systems. Herein, we report a Cu/ZnO stacked tandem gas-diffusion
electrode (GDE) for selective urea synthesis from electrocatalytic CO, and nitrate
reduction reactions. The ZnO catalyst layer (CL) segment at the inlet provides a
high CO concentration to the downstream Cu CL segment, promoting the
conversion of NO;~ to *NH,. The CO-mediated NH, formation accelerates the
C—N coupling rate for urea synthesis. As a result, the stacked GDE with an optimal
ZnO/Cu CL area ratio achieves a high Faradaic efficiency of 37.4% and a high yield
of 3.2 umol h™' cm™ for urea at —0.3 V vs RHE under ambient conditions. This
work expands the application of tandem electrodes and realizes the cascade C—N o
coupling reaction.
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in agricultural production.’ Currently, the industrial efficiency of the electrosynthesis of urea. Designing a highly

production of urea is operated by reducing carbon active catalyst system is key to accelerating the kinetics of the
23

Urea is one of the important nitrogen-based fertilizers The high energy barrier for the C—N coupling restricts the

dioxide (CO,) and ammonia (NH;) under harsh conditions. C—N coupling reaction in urea electrosynthesis.

This industrial technology requires a series of complex The coupling reaction between *CO and *NH, inter-
manufacturing, storage, and transportation processes, resulting mediates is considered the rate-determining step (RDS) step of
in huge energy consumption. In particular, a lot of energy is C—N bond formation in urea synthesis.”**” The kinetics of the
wasted during the transportation PTOC‘°-SS-4 Therefore, an C—N coupling reaction depends on the adsorption strength of
urgent need is to explore an alternative technology for *CO and *NH, on the catalytic sites and their surface
decentralized urea production using clean energy.s’6 Renew- coverages.’”>! The high surface coverage of *CO (0:co) and
able electrical energy-powered electrocatalysis can be a *NH, (fsnp) is conducive to increasing the C—N coupling

promising route for urea synthesis by reducing CO, and
nitrogen-containing molecules.” '

The nitrogen-containing reactants for urea electrosynthesis
include NH;, N,, oxynitride (NO,), and nitrate/nitrite
(NO;7/NO,").""~" The NH; is mainly produced by the
industrial Haber—Bosch process, which requires high energy
input and emits 1.9 tons of CO, per ton of NH;.'® The
activation of N, is still challenging due to the high bond energy
of N=N (941 kJ mol™"), limiting further reduction.'”?® The
biotoxicity of NO, hinders its direct application in urea
electrosynthesis.”’ By contrast, their hydrates (NO;"/NO,") Received:  April 20, 2023
have been used as nitrogen sources to couple with CO, Accepted: July S, 2023
reduction for effective urea electrosynthesis.”* *° However, Published: July 14, 2023
by coupling with CO,, the NO; -to-urea route involves
complex multistep proton-coupled electron-transfer steps, still
suffering from low Faradaic efficiency and current density.”"*’

rate.”” Increasing local concentrations of *CO and *NH,
intermediates near the catalyst surface enhances :co and
Ouniza”> > Therefore, the yield of urea can be improved by
increasing the local CO and NH, concentrations. For a single
catalyst, the excess generation of either *CO or *NH,
intermediate will hinder the adsorption of the other
intermediate at the active site, resulting in a low C—N
coupling rate.”® The cascade system for electrocatalytic urea
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synthesis decouples the *CO and *NH, formation via two
parallel steps of CO,-to-CO and NO; -to-NH, occurring at
two different catalytic sites.”” That is to say, one catalyst with
CO-selective sites supplies sufficient CO, and another can
effectively convert NO;~ to NH,.”® It also requires enabling
C—N coupling on either a CO-selective site or a NH,-selective
site.

Our previous studies have demonstrated that a tandem gas-
diffusion electrode (GDE) dramatically improves the produc-
tion rate of multicarbon products from CO, reduction through
spatial management of CO transport.””~*' In a stacked tandem
GDE, the local concentration of CO intermediate can be finely
managed along the length of the Cu CL.*' The success of
tandem GDEs in the electrocatalytic conversion of CO,-to-
multicarbon products encouraged us to explore further the
potential of these tandem GDE structures in other electro-
catalytic reactions. In addition, a recent study revealed that the
CO intermediate generated by CO, reduction accelerates
hydrodeoxidation of *NO, intermediates to form *NH,.** We
hypothesize that concentrated CO at the inlet of stacked
tandem GDE could promote *NH, formation and thus
enhance @:y, at the Cu CL, improving the kinetics of C—N
coupling between *CO and *NH, intermediates.

Herein, we adopt the design of structurally stacked tandem
GDE to synthesize urea by selective co-reduction of CO, and
NO;™. ZnO-based catalysts exhibit superior catalytic activity
for electrocatalytic CO,-to-CO."”** Cu-based catalysts can
provide highly active sites for NH; (or *NH,) synthesis by
reducing N,, NO;7, and NO,”.***® The stacked GDE
integrates a CO-selective ZnO CL segment with a NH,-
selective Cu CL segment. The concentration distribution of
the *CO and *NH, intermediates was managed spatially by
rationally arranging the area ratio of the Cu and ZnO
segments. The C—N coupling rate was accelerated by
enhancing @«g and .y, simultaneously. The optimal stacked
Cu, y/Zny s GDE with a Cu:ZnO area ratio of 1.0:0.5 achieved
a high yield of 3.2 yumol h™' ecm™ and a high FE of 37.4% for
urea at a potential of —0.3 V (vs RHE, thereafter) in a flow cell
electrolyzer. In situ Raman and attenuated total reflection
Fourier transform infrared (ATR-FTIR) analysis revealed that
the *CO intermediate facilitated the reduction of NO;™ to the
*NH, intermediate and promoted the formation of the C—N
bond in urea synthesis.

In the urea synthesis process, the distribution of reaction
intermediates such as *CO from CO, reduction and *NH,
from NO;™ reduction plays a crucial role in the cascade C—N
coupling rate. We employed tandem GDEs to tune the
electrode’s spatial concentrations of *CO and *NH,. The Cu
catalyst for NO;™-to-NH; reduction and the ZnO catalyst for
CO,-to-CO reduction were chosen to construct tandem GDEs
with separated Cu and ZnO segments, as shown in Figure la.
In a flow cell reaction system, CO generated by ZnO at the
inlet flowed downstream the Cu CL, promoting the hydro-
deoxidation of NO;™ to *N intermediates and then to *NH,
intermediates.”” Previous work suggested that the urea was
produced by the C—N coupling of *CO and *NH,
intermediates: *CO + 2*¥NH,— CO(NH,),.”** The
generation rate of urea (r,.,) is determined by the RDS
kinetics: 7ye,= k[*CO][*NH,]* Because of positive reaction
orders with respect to both Oxco and Gy, the reaction rate of
C—N coupling could be increased by enhancing f:co and
O«np, on the catalyst surface. In the stacked GDE, the
upstream ZnO CL offers a high local CO concentration at the
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Figure 1. Concept of urea synthesis on stacked tandem GDE. (a)
Schematic illustration of stacked Cu/ZnO GDE. (b) Variation of
*CO and *NH, intermediates concentration along the length of
Cu CL.

inlet (Figure 1b). The concentrated CO translates to a high
O:co. The high 0. facilitates the reduction of NO;™ to *NH,
at the Cu sites, leading to a high G«yyy,, which in turn promotes
the C—N coupling reaction toward urea production.
Compared with a conventional pure Cu GDE, the stacked
GDE enhances CO and NH, conversion due to the prolonged
residence time.

A series of stacked Cu/ZnO GDEs were designed by
progressively shrinking the ZnO CL areas (Figure 2a,b). The
mass of ZnO was kept at 0.05 mg in all stacked GDEs, while
the loading varied with the segment area. Since the mass of the
ZnO segment was constant, the thickness of ZnO CL
decreased as the ZnO segment area increased. The ZnO CL
in the Cu,(/Zn0Oy, GDE has the largest thickness of 3.5 ym
(Figure S1), causing the highest diffusion resistance. In
contrast, the thickness of ZnO CL in the Cu,(/Zn0O,; GDE
decreases to 1.2 ym (Figure 2c). Such a thin ZnO CL was
sufficient to conquer the mass transport limitations and
maximize active site exposure.

The electrocatalytic CO, and NO;~ reduction was
conducted in a flow cell using a 0.1 M KNOj; electrolyte.
CO, was fed into the gas channel of the reactor at a flow rate
of 20 sccm. The absorbances of urea were detected by UV—vis
spectroscopy after 1 h of electrocatalysis (Figure S2). The
generated urea was quantified by the diacetyl monoxime
method using a calibration curve (Figure S3). The amounts of
byproducts, including NO,”, NH;, and N,H, were also
measured by UV—vis spectra based on their corresponding
calibration curves (Figures S4—S8). The yields and FEs of
urea, NO,~, and NHj; at different potentials are displayed in
Figures S9—S11. No N,H, was detected by UV—vis spectros-
copy (Figure S12). Besides, the outlet gas products and the
liquid products of CO, reduction were quantified by online gas
chromatography (GC) and 'H nuclear magnetic resonance
(NMR) spectroscopy, respectively. The CO partial current
density (jco) and corresponding FE were calculated and
compared among different stacked Cu/ZnO GDEs and pure
Cu GDE (Figures S13 and S14). Figure 2d compares the yield
and FE of urea among four types of stacked Cu/ZnO GDEs
and pure Cu GDE at —0.3 V. Both the yield and FE first
increased with the area ratio increase from 1.0:0.2 to 1.0:0.5
and then dropped with the further increase of ZnO CL area.
The Cu,,/Zn0Oys GDE achieved the highest urea yield of 3.2
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Figure 2. Preparation and performance of the stacked Cu/ZnO GDEs. (a) Schematic of the preparation process. (b) Photographs of the
stacked Cu/ZnO GDEs with different Cu to ZnO area ratios. (c) Cross-section SEM and corresponding EDS mapping images of the stacked
Cu,/Zn0, s GDE. (d) The yields and FEs of urea produced on different stacked Cu/ZnO GDEs at —0.3 V. (e) Values of jco generation and
corresponding normalized CO utilization for different stacked Cu/ZnO GDEs at —0.3 V. (f) Values ofjyy, generation aNd corresponding
normalized NH, utilization for different stacked Cu/ZnO GDEs at —0.3 V.

pmol h™' em™ at —0.3 V, 2-fold that of pure Cu GDE. The FE
of urea was significantly improved by stacking the ZnO CL
onto Cu CL and reached a maximum value of 37.4% at —0.3 V
on the Cu,/Zn0O, s GDE. The yield and FE of urea from the
stacked Cu,(/ZnOys GDE were also higher than those of
some reported catalysts (Table S1). The improved perform-
ance of the stacked Cu/ZnO GDE is mainly attributed to the
spacial CO concentration well-managed along the Cu CL, as
reflected by the performance of the control electrodes. The
mixed Cu/ZnO GDE performs the CO,-to-CO conversion on
the scattered ZnO over the whole GDE, leading to disordered
and dispersed CO distribution. The resulting low CO
concentration leads to insufficient NO;~ to NH, conversion
and lowers the urea yield (Figure S15). A coplanar Cuys/
ZnO, s GDE governs the CO flow only along the downstream
Cu CL without crossing the underneath Cu CL, making the
CO diftusion differ from the stacked structure. Although a
similar CO generation as the stacked structure, inadequately
exposed active Cu sites on the shrunken Cu CL in a coplanar
GDE slow down the C—N coupling rate (Figure S16). In
addition, the urea yield and FE of a reversed stacked ZnO, o/
Cuys GDE were much lower than those of the stacked Cu,/
ZnOys GDE (Figure S17).

The concentration and distribution of two key intermedi-
ates, CO and NH,, are compared among the stacked Cu/ZnO
GDEs. Both CO and NH, utilizations are defined as the ratio
of the consumption rate to the generation rate. The generation
rate of CO or NH, (jco generation OF jNH?2 generation) T€presents the
sum of the CO or NH, consumption rate (jco consumption OF
JNH2 consumption) for urea synthesis and the remaining CO or
NH, current density (jco or jaua)- As revealed in Figure 2ef,
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both jCO consumption and jNHZ consumption show a volcano Shape
concerning the ZnO CL area, consistent with the trend of urea
yield. This convergence indicates that rapid CO and NH,
intermediates consumption translates to a fast C—N coupling
rate. Although the conductivity of Cu/ZnO GDEs decreased
with the increase of ZnO CL area (Figure S18), it has little
effect on the urea yield due to the almost equal amount of CO
produced from the ZnO CL. Since the ZnO CL facilitated the
reduction of CO, to CO, the value of jco generation increased
nearly twice in the Cu, ,/Zn0O,5 GDE compared with the pure
Cu GDE and remained almost the same as in both the Cu, ,/
ZnOgyg GDE and Cu, o/Zn0O,  GDE. However, the jco generation
of the Cu;4/Zn0O,, GDE was only slightly higher than that of
pure Cu GDE due to the mass-transport limitation of thicker
ZnO CL and deficiently exposed ZnO active sites. As a result,
the urea yield slightly increases for the Cu, o/Zn0O,, GDE. The
R values of the co-reduction of CO, and NO;~ for pure Cu
and Cu,;y/Zn0O,, GDEs differed from those of hydrogen
evolution reaction (HER) in the absence of CO, and NO;~
(Figure S19). The reciprocal Ry, (Ryse, ') reflects the reaction
rate of urea synthesis. The ratio Rye, '/ (Ruea * + Rypr ') for
the Cu;,/Zn0O,, GDE was higher than that of pure Cu,
indicating that adding ZnO suppresses HER.

Notably, the Cu,,/ZnO,s GDE exhibited the highest CO
utilization, as determined by jco consumption/JCO generation: Ad-
sorbed *CO near the *NOj; adsorption site promotes the
cleavage of the nitrogen oxidation bond by reducing the
deoxygenation energy barrier.”” Meanwhile, the Cu,o/ZnO,
GDE also showed the highest ji generation Higher local €xcq
could accelerate the deoxygenation of *NO; to *N and the
subsequent hydrogenation reaction to generate *NH,

https://doi.org/10.1021/acsenergylett.3c00824
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Figure 3. Electrochemical performance of the stacked Cu, ,/ZnO, s GDE. (a) Linear sweep voltammetry curves. (b) Compared jcq for CO,
reduction with and without NO;™. (c) Compared jyy; for NO;~ reduction with and without CO,. (d) FEs of the main products in KNO,
with and without CO,. (e) FE ratios of NH; to H, in KNO; with and without CO,. (f) "H NMR spectra of urea produced from "“NO;™ +
CO, and NO;™ + CO,. (g) Corresponding yield and FE of urea quantified by '"H NMR. (h) Yield and FE of five independent cycling tests at

—-0.3V.

intermediates. As a result, the largest N generation (or highest
O«ni12) Was obtained on the Cu,; o/ZnO, s GDE. The increased
local By, contributes to extensive *NH, utilization for urea
synthesis. The role of CO concentration on the urea yield can
be further uncovered by feeding CO, and CO mixture gas
(Figure S20). The urea yield and FE for the pure Cu GDE
increased accordingly with the increase of CO percentage in
the mixture gas. The above results indicated that stacked
Cu;/Zn0Oys GDE possessed the largest O:co and Gy,
leading to the highest yield and selectivity of urea among these
GDEs.

We then focused on the facilitating effect of CO, reduction
on the urea synthesis from the stacked Cu,,/ZnO,5 GDE.
Linear sweep voltammetry (LSV) was carried out to
preliminarily assess the performance of the Cu,(/ZnOy;
GDE in different reaction conditions. As shown in Figure 3a,
the total current density was the lowest in 0.1 M KHCO;
electrolyte with CO, feeding gas while significantly increased
in 0.1 M KNO; electrolyte, indicating the faster reaction
kinetics of NO;~ reduction than CO, reduction. The current
density of coelectrolysis of 0.1 M KNO; and CO, was lower
than the electrolysis of 0.1 M KNOj alone. The decrease in
current density can be attributed to the suppression of HER by
CO,."* Similar phenomena were also observed in chronoam-
perometric tests in 0.1 M KNO, with and without CO, (Figure
S21). The partial current densities of CO and NH; were
calculated to explore further the role of CO, in urea synthesis
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(Figure 3b,c). The jco of CO, reduction alone was higher than
that of coelectrolysis of CO, and NO;~, suggesting that CO
was consumed for urea synthesis. Inversely, the jyy; of CO,
and NO;~ co-reduction increased nearly twice that of sole
NO; reduction. It implies that *CO generated by CO,
reduction promotes the NO;~ reduction to NH; by
accelerating the cleavage of N—O bonds and extracting the
O from *NO."* As shown in Figure 3d, in the absence of
CO,, the FE of NH; was less than 3.5%, while the FE of H,
reached above 80% at —0.3 V. Upon feeding CO,, the FE of
NH,; increased to about 8%, and the FE of H, decreased
dramatically to 40% at the same potential. The FE ratio of NH;
to H, was significantly enhanced in the KNO; electrolyte with
CO, feeding, 11 times higher than that of pure KNO; at —0.2
V (Figure 3e). Thus, CO, enables urea synthesis by promoting
NO;™ reduction and suppressing HER.

The source of nitrogen in urea synthesis was determined by
>N isotope labeling. As shown in Figure 3f, the CO('*NH,),
derived from K'*NO; has only one peak in the 'H NMR
spectrum. In contrast, typical double peaks are presented in the
'H NMR spectrum for CO(**NH,), made from K'*NO,.**
The '"H NMR spectra confirmed that the nitrogen source of
urea originated from electrocatalytic NO;™ reduction. More-
over, the calculated yield and FE of both CO(**NH,), and
CO(*NH,), by '"H NMR are close to those quantified by the
diacetyl monoxime method (Figure 3g). It is worth pointing
out that no urea was generated from the reaction of NH; and
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Figure 4. Reaction mechanism of urea synthesis on the stacked tandem GDE. In situ Raman spectra of (a) pure Cu GDE and (b) Cu, o/
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CO, over Cu/ZnO electrodes with or without an applied
potential (Figure S22), further supporting that urea was
produced by electrocatalytic co-reduction of NO;~ and CO,
rather than the chemical reaction of NH; and CO,-derived
carbamate salt in the electrolyte.

The stability of electrocatalytic urea synthesis was
investigated by performing five independent cycle tests on
the Cu;o/ZnOys GDE (Figures S23 and S24). A constant
potential of —0.3 V was applied at each 1 h cycle. Figure 3h
shows that both yield and FE of urea have no noticeable
decline after S cycles. The in situ Raman spectra of the Cu, o/
ZnO, s GDE revealed that the surface ZnO was reduced to Zn
as the potential was swept negatively (Figure S25). The XRD
results showed that the ZnO phase in the Cu,(/ZnOy;
electrode could remain well after different reaction times
(Figure S26), suggesting that only the ZnO scale was in situ
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reduced to metallic Zn, aligning with the XPS spectra results
(Figure S27).

To elucidate the reaction mechanism of urea synthesis from
cascade of CO, and NO;  reduction, in situ Raman
spectroscopy was performed to monitor the surface-adsorbed
intermediates during the reaction. Some common reaction
intermediates were detected in the in situ Raman spectra of the
pure Cu GDE and Cu, o/ZnO, s GDE (Figure 4a,b), signifying
the same reaction pathway for urea synthesis. Under an open
circuit potential (OCP), the Cu oxides appeared at S00—650
em™, and adsorbed species of NO,™ and CO,*~ emerged at
1048 and 1080 cm™’, respectively. When the applied potential
shifted negatively, the Raman peak of CH, bending vibration
(6CH,) from CO, reduction was observed at 1300 cm™.*’
The N-containing intermediates from NO;~
appeared at 796, 1187, 1398, 1447,

reduction
and 1583 cm™},
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corresponding to the bending vibration of NO,” (6NO,7),
symmetrical vibration of NO,~ (v,NO,"), §NH, deformation,
symmetrical bending vibration of NH;* (5,NH;*), and 6,,NH,
of NH,, respectively.w’50 Besides, the §(CN) and v,(CN)
bonds were also found at 562 and 1024 cm™, demonstrating
the formation of urea.’”” The peak intensities of these
reaction intermediates adsorbed on the surface of Cu, o/ZnO
GDE were higher than those on pure Cu GDE as well as Cu, o/
ZnO,, GDE (Figure S28). Notably, the intermediate
adsorption was detected over the whole electrode, including
the interface between Cu and ZnO segments (Figure S29),
which proves that the whole Cu segment participates in the
C—N coupling for urea synthesis.

The reaction intermediates on the pure Cu and stacked Cu/
ZnO GDEs were further identified by in situ ATR-FTIR
spectroscopy (Figure 4c,d and Figure $S30). Four obvious
vibration bands from NO;™ reduction appeared at about 1228,
1648, 3228, and 3387 cm™, which could be ascribed to the
adsorbed *NO,, N—H bending vibration of NH, (§NH,), and
N—H stretching vibration of NH, (¢,NH, and v,NH,),
respectively.'”>**"** The band of adsorbed *COOH inter-
mediates at 1372 cm™" was generated from CO, reduction.'>**
Compared to pure Cu GDE, two new peaks arose at 1159 and
1469 cm™, respectively, corresponding to the vibration of
NH," and the asymmetrical vibration of the C—N bond in
urea.””! The intensities of *NO,, *NH,, and *NH,* adsorbed
on the surface of Cu,,/Zn0Oy 5 GDE increased dramatically as
the potential shifted negatively. The intensities of these N-
containing intermediates on the surface of Cu,(/Zn0O,; GDE
were much higher than those on pure Cu and Cu,y/ZnO,,
GDEs (Figure S30), further demonstrating that in situ-
generated *CO enhanced NO;~ reduction on the surface of
Cu,4/Zn0O, s GDE.

Based on in situ spectroscopy results, we proposed that
intensifying CO could promote the hydrodeoxygenation of
*NO;~ to *NH,, thus accelerating the C—N coupling rate for
urea synthesis (Figure 4e). The cascade C—N coupling
reaction integrates two parallel steps of CO,-to-CO and
NO;™-to-NH, on two distinct catalytic sites in a tandem GDE.
In the stacked Cu/ZnO GDE, *CO adsorbed on the ZnO site
would extract the O from *NO;~ adsorbed on the Cu site
nearby, facilitating the cleavage of the N—O band. In the
deoxygenation step, *CO contributed to the decomposition of
N-O to form *N and was oxidized to *CO,. The adsorbed
*CO also facilitated the subsequent hydrogenation of *N to
*NH,, which could be coupled to *CONH, and produce urea.
Overall, this work discloses that spatial management of *CO
could tune the C—N coupling rate for urea synthesis during
coelectrolysis of CO, and NO;".

In summary, a unique stacked tandem GDE was designed
for electrocatalytic urea synthesis from cascaded CO, and
NO;™~ reduction on dual-active catalytic sites. The local *6co
on the Cu CL was increased by tailoring the area of the CO-
selective ZnO site, which promotes the NO;™ reduction to
*NH, and thus accelerates the C—N coupling rate for urea
synthesis. Remarkably, the stacked Cu,/ZnQO,; GDE with an
optimal CL area ratio achieved a high urea yield of 3.2 ymol
h™ cm™ and a high FE of 37.4% at —0.3 V. This work
provides an effective strategy to boost the cascade electro-
catalytic C—N coupling reaction kinetics beyond catalyst
design.
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