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Thenitrogen cycle needed for scaled agriculture relies on energy- and
carbon-intensive processes and generates nitrate-containing wastewater.
Here we focus on an alternative approach—the electrified co-electrolysis

of nitrate and CO, to synthesize urea. When this is applied to industrial
wastewater or agricultural runoff, the approach has the potential to enable
low-carbon-intensity urea production while simultaneously providing
wastewater denitrification. We report a strategy that increases selectivity to
urea using a hybrid catalyst: two classes of site independently stabilize the
key intermediates needed in urea formation, *CO,NO, and *COOHNH,, viaa
relay catalysis mechanism. A Faradaic efficiency of 75% at wastewater-level
nitrate concentrations (1,000 ppm NO;™ [N]) is achieved on Zn/Cu catalysts.

The resultant catalysts show a urea production rate of 16 umolh™ cm™.
Life-cycle assessment indicates greenhouse gas emissions of 0.28 kg CO,e
per kg urea for the electrochemical route, compared to 1.8 kg CO,e kg™ for
the present-day route.

During 2020, anthropogenically activated nitrogen reached ~150 mil-
lion metric tonnes (Mt), 2.5 times greater than the production of the
natural baseline’ (60 Mt). Anthropogenic nitrogen activation starts by
converting dinitrogen (N,) and steam-methane-reformed hydrogen
(H,) toammonia via the Haber-Bosch process at elevated tempera-
tures (>350 °C) and very high pressures (>10 MPa)*. Ammonia is then
further processed to nitrogen-containing chemicals (Fig.1a)*", includ-
ing urea-based fertilizer (for which fully 47% of ammonia production
is employed), with urea having an annual production of 180 Mt. This
accounts for 1% of global annual energy consumption and emits net
CO, of over 200 Mt each year.

Nitrogen-containing waste generated by human activities must
be deactivated to N, via biological’ (wastewater) or thermocatalytic®
(waste gas) processes before it is discharged, and this contributes a
further 2% of energy consumption and 0.5% of global greenhouse gas
(GHG) emissions’. The nitrogen activation/deactivation cycle (Fig. 1b)
isenergy-intensiveasaresultoftherelianceonaninert mediator (N = N
bond, 941 k] mol™).

Theelectrochemical conversion of activated-nitrogen-containing
wastes (nitrate, nitrile, NO,) offers an alternative nitrogen cycle, one
that can potentially be implemented under mild conditions (Fig. 1c):
nitrate to ureaachieved by co-feeding CO, (refs. 5,9-15). Nitrate (NO;")
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fromindustrial wastewater and agricultural runoff'®” canbe converted
to urea viaa two-step approach:

NO;™ + 2H,0 — NH; + 20, + OH™ "
1
E% = 0.53V (13.7 GJ/ metric tonne urea)

2NH; + CO, — CO(NH,), + H,0

Bosch—Meiser process (practical) : 7.1GJ/ metric tonne urea

()
oraone-step approach:

CO, +2NO;™ +3H,0 — CO(NH,), + 40, + 20H" ()
3
EC = 0.51V (13.3 GJ/ metric tonne urea)

As shown in Fig. 1d, the one-step electrosynthesis of urea from
NO,;™ and CO, could be of interest once it can be achieved at modest
overpotentials, offering an advantage in overall energetics compared
to the two-step and industrial approaches'®" (Supplementary Note 1
and Supplementary Tables1and 2).

Achieving this shift to anew and potentially more efficient nitro-
gen cycle will require the development of electrocatalysts with high
urea selectivity via the co-electrolysis of NO;~ and CO,. The catalysts
should provide C-N coupling while minimizing side reactions from
nitrate (nitrate reduction reaction, NO;RR), CO, (carbon dioxide reduc-
tion reaction, CO,RR) and H,O (hydrogen evolution reaction, HER).

Previous studies have reported catalysts capable of producing urea
from NO,™ and CO, (Supplementary Table 3)>"?**, but these have
been limited to <20% Faradaic efficiency (FE) when realistic nitrate
concentrations are used (such as200 ppm), as HERbecomes dominant.
NO;™ and CO, must adsorb simultaneously onto the catalyst for C-N
coupling to be achieved, but the competing single-precursor reduc-
tions—NO;RR to N, or NH; (ref. 22) and CO,RR to CO (ref. 21)—then
take over, competing against the desired high selectivity to a single
desired product, urea.

Synthesizing urea from NO;™ by co-feeding CO, is a multistep
reaction involving 16 electrons being transferred for each urea mol-
ecule. The first C-N bond formation (intermediate *CO,NO,) and the
protonation of *CO,NH, (intermediate *COOHNH,) are the two key
steps of ureaformation’. The relative reaction energies of the steps are
correlated when described via scaling relations, suggesting instead the
need forindependenttailoring of the reaction energy for distinct sites,
as well as a handoff of key intermediates among sites, to circumvent
the scaling relations.

Inthis Article we report astrategy thatincreases the selectivity to
ureaby using a hybrid catalyst. When we apply and optimize the Zn/Cu
hybrid catalyst, we achieve FEs of 75% at 1,000 ppm NO; [N]. Experi-
ments and density functional theory (DFT) calculations reveal arelay
catalysis mechanismin which *CO,NO,—the key intermediate for C-N
coupling—preferentially forms onZnsites, and the ensuing protonation
step to form *COOHNH, benefits from a lowered reaction energy on
nearby Cusites. The resulting catalyst shows a urea production rate of
16 pmol h™ cm™?(60 mmol h™ g, ™) at—0.8 Vversusreversible hydrogen
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Fig.2|Screening of single-component and hybrid catalysts. a, Screening

of single-component catalysts and hybrid catalysts. All the catalysts are
compared ata potential of —0.6 V versus RHE in electrolytes containing KNO,
(500 ppm NO; [N]) and KHCO, (0.1 M). The solid orange columns indicate
hybrid catalysts that increase the selectivity to urea compared to their single-
component counterparts; the hashed columnsindicate catalysts not increasing
the selectivity to urea. b, A hybrid catalyst, where one component (blue) lowers
the reaction energy of the C-N bond-formation step, and a second component
(orange) reduces the reaction energy of the protonation step needed to produce
urea. Red, dark, grey and white denote O, C, N and H. ¢, EDS mapping of aZn/Cu
hybrid catalyst.

electrode (RHE)in1,000 ppm NO; [N]. Alife cycle assessment indicates
that, when CO,embodied in the ureais emitted at the end of life, GHG
emissionsare 0.28 kg CO,e kg™ for the electrochemical route compared
to 1.8 kg CO,e kg™ for the conventional route.

Results

Design of hybrid catalysts

Wefirst screened single-component metals known to prefer CO,RR and
NO;RR over HER. We found that Cu, Sn, Bi, Zn and Ag enable modest
levels of urea synthesis, with FEs to urea of <20% at 500 ppm NO; ™ [N]
(Fig.2a)at-0.6 V versus RHE (details are provided in the Methods). To
investigate their low selectivity to urea, we used DFT calculations to
analyse the reaction pathway for the co-electrolysis of NO;”and CO,
onsome of the single-component metals (Supplementary Fig.1). The
adsorption of *NO, is energetically favoured on these metal surfaces,
then followed by either a first C—-N bond-formation step (*CO,NO,)
or the reduction of *NO, (ref. 5). The reaction energy for sucha C-N
bond-formation step ismuch smalleronaZnsurface thanon Cuor Ag.
The reaction energy for the protonation step (“\COOHNH,), however,
is smaller on Cu or Ag surfaces than it is on Zn. This explains the low
urea FEs onsingle-component metals and offers an explanation for the
higher performance of multi-component catalysts.

This motivated us to explore hybrid catalysts, where the first
class of sites would lower the barrier energy associated with the C-N
bond-formation step, and asecond would reduce that for the protona-
tion step to produce urea (Fig. 2b). We then screened hybrid catalysts
composed of pairs of the same list of metals (Fig. 2a). Among these, Zn/
Cu (64%) and Zn/Ag (44%) showed striking improvements compared
to single-component catalysts.

We then sought to characterize the distribution of Cu and Zn
on a gas-diffusion layer (GDL), with a portion of Cu (Fig. 2c and

Supplementary Figs. 2-4) readily accessible to the reactants and
intermediates in the liquid phase. The exposed Cu was achieved by
spray-coating anincomplete layer of Znontop of the Cu layer. As seen
in X-ray diffraction (XRD) and high-resolution transmission electron
microscopy (HR-TEM) investigations, the Zn/Cu hybrid catalysts are
based on metallic phases with predominant crystalline facets Cu(111),
Cu(200),Zn(002) and Zn(101) (Supplementary Figs. 5and 6).

Steering selectivity to urea on Zn/Cu catalysts

We evaluated the urea electrosynthesis performancein the electrolytes
containing KNO; (500 ppm NO; ™ [N]) and KHCO; (0.1 M), saturated by
CO,. We fed CO,into the electrochemical system from a GDL (Supple-
mentary Fig. 7). To quantify urea production, we used UV-vis absorp-
tion spectrophotometry, N NMR and isotope ®N NMR (Fig. 3a and
Supplementary Figs. 8-10). The best hybrid catalysts exhibit urea FEs
of 64 + 3% (Fig. 3a), higher than those of single-component Cuand Zn
(FEs of <15%; Fig. 3a). Controls (Supplementary Fig.11) indicate the need
for electrons (e7), NO;” inthe electrolyte, and gaseous CO,.

We then investigated C-N coupling preference on Zn, Cu and
Zn/Cu hybrid catalysts by comparing their urea FEs relative to other
reactions. The ratios between FE_y.coupiing 3N FE,on.c-n-coupling iNdicate
selectivity to C-N coupling compared to non-C-N-coupling reactions
(Fig. 3b). HER and CO,RR dominate on single-component Zn and Cu
catalysts. CO, is mainly converted to formate on the Zn catalyst and
C,, products on Cu (Supplementary Fig. 12). By contrast, the Zn/Cu
hybrid catalyst exhibits FEcqrp/FEc-n.coupting 3Nd FEyigr/FEc_n.coupiing Val-
ues of 0.13 and 0.16. Considerable NO,RR-produced ammonia was
detected only on Cu.

We then optimized the Zn and Cu components. X-ray photoelec-
tronspectroscopy (XPS) revealed atomicratios of Zn:Cu on the surfaces
ranging from -0.4 (0.2 mgcm™Zn) to 1.4 (0.5 mgcm™Zn) and 7.8
(2.2mgcm™?Zn)astheloading of Znincreases (Supplementary Fig.13).
Only NO;RR products are detected when we employ a pure-Cu catalyst.
Whenwe load with even asmallamount of Zn (above 0.1 mg cm™), the
Zn/Cu hybrid catalyst shows undetectable NO;RR products (NH;, N,,
N,O, NO and so on; Supplementary Fig. 14). When we increase the Zn
loading above 0.8 mg cm, we observe much formate, aceticacid and
hydrogen (FEs of 5%, 16% and 28%; Supplementary Fig. 15). Formate
and hydrogen become the major products (FEs of 18% and 25%) when
Znloadingincreases to1 mg cm™. We did not detect CO on any hybrid
catalyst. As a control, we studied Zn,,Cus, nanoalloy catalysts (Sup-
plementary Fig.16), finding that these generate urea with a FE of 26%.

We then further optimized the Zn/Cu hybrid catalyst for selec-
tivity to urea, including varying the electrode configuration (Sup-
plementary Fig. 18). This optimized catalyst, Zn-0.5/Cu, exhibits a
potential-dependent product distribution (Fig. 3c), with peak FE at
-0.6 Vversus RHE, afinding we assign to faster HER kinetics at higher
overpotentials (Supplementary Fig. 19b). The competition of HER
dominates when the potential is below —0.8 V versus RHE (Supple-
mentary Fig.19). The urea FEs of Zn/Cu hybrid catalysts are higher than
those of previously reported electrocatalysts (Supplementary Table 3).

We studied the catalytic performance of Zn-0.5/Cu at different
realistic concentrations of nitrate (Fig. 3d). HER diminishes as the
nitrate concentration increases, and CO,RR does not change much.
The urea selectivity varies from 50% at 100 ppm NO;™ [N] to 75% at
1,000 ppm. We also characterized the performance of Zn-0.5/Cu at
higher concentrations of nitrate (Supplementary Fig. 20).

Mechanistic studies

We used insitu infrared reflection-absorption spectroscopy (IRRAS)
to detect the intermediates and products across a potential range of
+0.3to-1.2 Vversus RHE (Fig. 4a). The infrared bands probed at 1,629
and 1,175 cm™ originate from the bending and rocking modes of -NH, in
urea, respectively”. The band at1,314 cm™is attributed to the wagging
mode of -NH, (ref. 5). The infrared band at 1,417 cm™, related to the
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stretchingmode of the C-Nbond inurea®, appears when applying nega-
tive potentials, but diminishes when elevating the potential to-1.2 V
versus RHE. Compared to free urea, the stretching frequency of the C-N
bond shifts to alower wavenumber, indicating that the ureais coordi-
nated with metalions on the hybrid catalyst through an oxygen atom
associated with the C=0 group®". In situ X-ray absorption spectroscopy
shows that thelocal electronic structure and local geometric structure
ofthe hybrid catalyst are changed negligibly (Supplementary Fig. 21).
InsituIRRAS was performed, and aband at1,694 cm™ was observed
to appear starting at —0.3 V versus RHE, diminishing to near zero at
-1.2 Vversus RHE, the range over which urea synthesis occurs. This
band has previously been assigned to C=0 in the COOHNH, dimer®, a
carbamate thatis usually observed at low temperatures®. Compared to
the free molecule”, the stretching frequency of the C=0 bond shiftstoa
higher wavenumber, suggesting that the molecule may be coordinated
with metal ions on the hybrid catalyst through the hydroxyl oxygen
atom of 0-C=0. These results attest to the presence of the intermedi-
ate*COOHNH,. We also found thataninfrared band arose at1,403 cm™
under potentials between 0 and -1.2 V versus RHE, something we pro-
poseis assigned tothe OCO vibrational band, consistent with the pres-
ence of *CO,NH, (ref. 5). These results agree with the picture in which
protonation of CO,NH, to COOHNH, is akey step for urea synthesis.
For comparison, we performed IRRAS on single-component Zn
and Cu. On the Zn, a weak band arises at 1,404 cm™ (*CO,NH,) when

the potential is between —0.3 and -1.2 V versus RHE, but there is no
band near 1,694 cm™ (*COOHNH,) (Supplementary Fig. 22). The
rate-determining step on Znis therefore suggested to be the protona-
tion of *CO,NH, to form *COOHNH,. On the Cu, we did not observe
bands near 1,404 cm™ nor 1,694 cm™ (Supplementary Fig. 22). This
canbeexplainedifthe first C-Nbond formationis arate-determining
stepon Cu.

Wealsoused insitu surface-enhanced Raman spectroscopy (SERS)
to detect intermediates on the Zn/Cu hybrid catalyst (Fig. 4b-d).
Ammonium carbamate (NH,COONH,, AC) was used as areference; this
consists of CO,NH, in aqueous solution, together with theions NH,",
HCO; and CO,*. The same peak at 334-337 cm™, the feature assigned
to M-OCONH, (*CO,NH,), was detected under urea synthesis condi-
tions (Fig.4b) and in the AC solution (Fig. 4c), but notin KHCO, solution
(Fig.4d) norin other control conditions (Supplementary Fig. 23). The
*CO,NH, signal was observed at-—0.5 V versus RHE under urea synthesis
conditionsand -0.3 Vin the AC solution. On single-component Cu, we
observed only the *CO,NH, signal inthe AC solution, startingat-0.1V
versus RHE (Supplementary Figs. 24 and 25). These results are in line
with the view that Zn may contribute to the formation of the needed
*CO,NH, intermediate.

DFT calculations were used to further study the functions of Zn
and Cuinthehybrid catalysts (Fig. 4e,f). Following the adsorption and
reduction of NO,” on the Zn surface (step 1), a CO, molecule inserts to
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atomic configurations for each step (f). Orange, grey, red, blue, brown and white
denote Cu, Zn, O, N, Cand H, respectively. The Zn surface, after adsorption of a
*NO, (step1), energetically favours C-N bond formation to form *CO,NO, (step
2,insertion of a CO, molecule) more than the Cu surface, whereas the latter
diminishes the reaction energy for the potential-determining protonation step
onZn (step 9) so asto complete a catalytic loop.

forma C-Nbond, withits oxygen atombonded to another Znatomto
form *CO,NO, (step 2). This step is more energetically favourable on
the Znsurface thanonthe Cu (Fig.4e). Thereactionenergy for step 9 is
higher onthe Znsurface (-1.8 eV) than on the Cusurface (-0.5 eV), cor-
responding to the protonation of *CO,NH, to form*COOHNH, (Fig. 4e),
which suggests that the Cu surface is necessary to accomplish a cata-
lyticloop for urea synthesis following a relay catalysis pathway. In this
way, thereaction energies for the two steps—the C-N bond-formation
step (intermediate *CO,NO,) and the protonation step (intermediate
*COOHNH,)—are independently tuned by the Zn/Cu hybrid catalyst.
Hybrid catalysts composed of two classes of site, where one pro-
motes C-N bond formation and another facilitates protonation, have
the potential to circumvent the need to balance the adsorption ener-
gies for all the elementary steps using a single catalytic site. The Zn/
Cu hybrid catalyst implements a relay catalysis mechanism in which
both Zn and Cu sites are catalytically active and provide distinct
functions. One-component catalysts typically facilitate either the
C-N bond-formation step or the protonation step, but not both. For

example, in Cu@Zn core-shell catalysts, the shell Zn is catalytically
active, andits electronicstructure is tuned by the core Cu to facilitate
the C-Nbond-formationstep®. In(OH),, having {100} facets, also prin-
cipallyimproves the C-N bond-formation step’.

Hybrid catalysts with high production rate

We sought to apply this catalyst design strategy to three-dimensional
(3D) hybrid catalysts to achieve a high urea production rate. The 3D
Zn/Cu hybrid catalyst (the measured compositionis provided in Sup-
plementary Fig.26) includes both Cu and Zn sites, and energy disper-
sive spectroscopy (EDS) and HR-TEM (Fig. 5b and 5c) investigations
showed that the Zn is distributed uniformly on the Cu. This catalyst
leads to anincreased current density at 1,000 ppm NO; [N] (Fig. 5¢)
compared to the reference case Zn-0.5/Cu, while retaining the same
high FEto urea (Fig. 5e). The highest partial current density to ureawas
obtained at—0.8 Vversus RHE, with a production rate of 16 pmol h™ cm™
(Fig. 5Se) and a mass production rate of 60 mmol h™ g, " at aloading
of 0.27 mg,,. cm2 (Supplementary Fig. 27), a substantial advance (1.5
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Fig. 5|3D hybrid catalyst for ureasynthesisat16 pmol h™ cm™.a, Scheme of
3D hybrid catalysts ona GDL. Orange and blue denote Cuand Zn. b,c, Elemental
mapping of Cuand Zn, as well as F in Nafion binder (b), and HR-TEM images (c),
revealing the uniform deposition of Zn on Cu. d, Linear sweep voltammetry
curves while feeding CO, or Ar. e, FE to urea, its partial current density, and

production rate on a 3D Zn/Cu catalyst under different potentials. f, Stability test
for the 3D Zn/Cu catalyst. Open circles, current density. The experimental tests
were conducted inasolution of KHCO, (0.1 M) and KNO; (1,000 ppm NO; ™ [N]).
Error bars represent s.d. from three independent measurements.

timesimprovementin productionrate andatenfoldincreaseinselec-
tivity) compared to previously reported electrocatalysts to urea (Sup-
plementary Table 3).

We evaluated the stability under -0.8 V versus RHE. We found,
after operating the catalyst for 32 h at its optimal potential, that the
current density was constant to within 5%, and its FE remained within
10% absolute of itsinitial value. The spent catalyst maintained its mor-
phology and structure (Supplementary Fig. 28).

Life cycle assessment

We performed life cycle assessment (LCA) to compare the cumulative
energy demand (CED) and GHG emissions when producing urea con-
ventionally and with the electrochemical technology outlined in this
work. The functional unitis1kgof 99 wt% urea (Supplementary Figs. 29
and 30). Because the electrosynthesis of urea uses nitrogen from waste-
water, we also studied the impact of adding a urea electrosynthesis

module in a wastewater treatment plant (WWTP) onits CED and GHG
emissions. For this, we used a functional unit of 1 m® of treated waste-
water (Supplementary Figs. 32 and 33). We considered two different
electricity sources:today’s US grid (-60% fossil fuel-based power plants)
or wind-based renewable. The Methods and Supplementary note 2
present the LCA methodology and data sources.

Traditional urea production through the Bosch-Meiser pro-
cess uses ammonia from the Haber-Bosch process (Supplementary
Fig. 29). This approach was compared with producing urea electro-
chemically at a WWTP with waste nitrogen equivalent to 1,000 ppm
NO; [N] (Supplementary Fig. 30). The CED when producing urea
electrochemically is similar to that of conventional production (Sup-
plementary Fig.34).If theelectrical grid provides electricity, produc-
ing urea electrochemically is more GHG-intensive than conventional
production (Fig. 6a). When grid electricity is used, a large portion of
the GHG emissions come from the electricity consumption for the
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Fig. 6 | Life cycle assessment. a, Global warming potential (GWP) of urea
production, conventionally or electrochemically from waste nitrogenin
wastewater. The biogenic carbon content of the ureais released as CO, wheniitis
used as fertilizer. Itis treated in the LCA as being stored in cases when it is used as

urce

feedstock for plastics, resins and adhesives. b, GWP of wastewater treatment with
and without electrochemical urea production. AD, anaerobic digestion; MLE,
modified Ludzack-Ettinger.

electrochemical cell. The anodic potentials translateinto an estimated
full cell potential of 2V when the oxidation evolution reaction (OER)
is performed, but will be 1.35 V when, in the future, the reaction is
paired with a lower-applied-potential anodic reaction (0.65V lower
than that of the OER). When we adopt an electricity carbon intensity
of 0.12 kg CO,e MJ ™, this corresponds to reducing the GHG emission
from2to1.4 kg CO,e perkgurea. When powered by renewable electric-
ity (3 g CO,e MJ™), the GHG emissions for conventional production
areslightly reduced from1.2to 1.1 kg CO,e per kg urea. This approach
consumes much more natural gas than electricity, and grid decarboni-
zation does not appreciably reduce its GHG emissions.

Thelife-cycle GHG emissions of urea produced by electrochemi-
cal or conventional paths are calculated by considering the fate of
the biogenic carbon contained. When ureais used in applications in
whichtheembodied CO,isretained in a material for the long term (for
example, in plastics), the life-cycle GHG emission for electrochemi-
cally produced urea (Fig. 6a) is —0.45 kg CO,e kg™, compared with
1.1kg CO,e kg™ for the conventional path. When the urea is used in
agriculture as a fertilizer, where CO, is released in the end use, the
urea’s life-cycle GHG emissions are 0.28 kg CO,e kg™, compared to

1.8 kg CO,e kg for the conventional path (Fig. 6a). The ideal scenario
for electrochemical production of urea from nitrogen in wastewater
therefore entails the use of renewable electricity and improved elec-
trochemical technology (for example, by achieving the parameters
outlined in Supplementary Table 6). We assume that natural gas
provides heat to the carbon capture unit. If biogas were available to
use instead, the GHG emissions from the electrochemical pathway
would decrease.

Exploring product-based and treatment plant-based functional
units for waste-based products is valuable’*”, because analysts can
design waste-based systems that offer environmental benefits com-
paredtoboththebaseline product and waste treatment technologies.
We therefore compared abaseline WWTP (Supplementary Fig. 32) with
oneincorporating ureaelectrosynthesis (Supplementary Fig.33), using
afunctional unit of 1 m?of treated wastewater. Adding urea production
to the WWTP increases the CED by 28% (Supplementary Fig. 35). The
WWTP withureaproductionslightly increases the GHG emissions from
0.32 (baseline) to 0.42 kg CO,e m~ (Fig. 6b) when today’s grid provides
electricity, but the emissions decrease to 0.31 kg CO,e m~ when the
facility is powered by renewable electricity (Fig. 6b).
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Inalignmentwith the electrochemistry LCA literature, our results
underscore the promise of electrochemistry to decarbonize chemical
productionwhen low-cost renewable electricity becomes widely avail-
able”. Ourresultsadd to the urgency of calls to pursue ever-increasing
levels of renewable electricity in the grid®.

Conclusions

The hybrid catalyst studied here provides an advance in ureaselectiv-
ity, achieving 75% FE in simulated wastewater containing 1,000 ppm
NO;™ [N]. Control experiments, in situ spectroscopy and calculations
paint a picture where the Zn/Cu hybrid catalyst enables independ-
ent tailoring of barrier energies for each of the two steps (the first
C-N bond-formation step and the protonation step from *CO,NH,
to *COOHNH,), thus providing a relay catalysis path and enabling the
increase in ureaselectivity.

Methods

Chemicals

The KNO,, KHCO;, NH,COONH, (AC), Zn nanoparticles (average size of
40-60 nm, 299% trace) and Cu nanoparticles (average sizes of 25 nm,
TEM) were purchased from Sigma-Aldrich. Zn,,Cus, nanoparticles
(average size of 40 nm, 99.9% trace) were purchased from US Research
Nanomaterials. Bipolar membranes were acquired from the Fuel Cell
Store. The Cutarget (99.999%) for electron-beam deposition was pur-
chased fromKurt]. Lesker. Polytetrafluoroethylene (PTFE) membrane
withan average pore size of 450 nm was obtained from Beijing Zhongx-
ingweiye Instrument Co. All chemicals used in this work were used as
received. The aqueous solutions were prepared using distilled water
with aresistivity 0f18.2 MQ cmwith a UV radiation accessory.

Gas-diffusion electrode preparation

Single-component Cu catalysts were prepared by sputtering Cu
(200 nm) on PTFE fibre substrate or spray-coating Cunanoparticle ink
onto hydrophobic carbon paper (Freudenberg H23C9, Fuel Cell Store).
Single-component Zn catalysts were prepared by spray-coating Zn
nanoparticleink ontoahydrophobic carbon paper. To prepare theink,
8-mgnanoparticles (Cuor Zn) were dispersed in 2 ml of methanol, then
16 plof Nafion (5%) was added and the ink was sonicated for1 h. The Cu
or Znnanoparticleinks were spray-coated onto the carbon paper witha
loading of -2 mg cm™and dried in air, then stored ina glove box before
electrochemical tests. The Zn/Cu hybrid catalysts were prepared by
spray-coating Zn nanoparticle ink onto a sputtered or spray-coated
Cufilm, depending onthe hybrid catalyst electrode configuration. The
loading of Zn nanoparticles was controlled during spray coating. The
sputtered Cusubstrate was fabricated by electron-beam evaporation of
aCutarget onto a hydrophobic porous PTFE fibre substrate*® at adepo-
sition rate of -1 A s until a thickness of -200 nm was achieved. Other
mono-component and hybrid catalysts were prepared by spray-coating
the corresponding nanoparticleinks on substrates, and the preparation
method for these inks was the same as for the Cuand Zn inks.

Spray-coating method

The ink was prepared by mixing 10 mg of nanoparticles, 5% Nafion
(20 plforthe Zn-0.5/Cusample and 30 pl for the 3D Zn/Cusample) and
3 mlof methanol, followed by sonication for1 h at room temperature.
The as-prepared ink was sprayed -3 cm away from the support with
a GDL at a vertical angle using N, gas at 1 bar. The ink emerging from
the mouth of the airbrush gun was controlled to avoid wetting of the
support. The spraying direction was changed frequently, back and
forth. Supplementary Fig. 4 shows the uniformity of the catalyst and
run-to-run reproducibility.

Preparation of the 3D Zn/Cu hybrid catalyst
First, 0.27 mg cm™ of copper nanoparticle ink (weighted loading
amount of a catalyst mixture of Zn/Cu and Nafion after drying) was

sprayed onto hydrophobic carbon paper measuring 3 x 3 cm? After
drying in air, Zn was further deposited in 5 mM Zn(NO;), aqueous
solution, using sprayed carbon paper as the work electrode, under
1mA cm™for100 s. The sample was fully washed with water and then
stored inaglove box.

Electrochemical performance

Theelectrochemical data were collected using an electrochemical sta-
tion (Metrohm Autolab PGSTAT204) inaflow cell system, with catalysts
to be measured as the cathode, a Ag/AgCl electrode as the reference
electrode, and nickel foam as the counter electrode. The catholyte var-
ied dependingonthe test purpose, but was 0.1 MKHCO, with 500 ppm
KNO; [N] unless otherwise specified. The anolyte was always1 M KOH
solution. A bipolar membrane was used to separate the anolyte and
catholyte. Before electrochemical measurements, the catholyte was
purged with CO, or Ar. CO, gas was fed from the backside (no-catalyst
side) of the gas-diffusionelectrode at aflow rate of 30 s.c.c.m. To detect
the gaseous products, aflow rate of 1 s.c.c.m. was used, and the tail gas
was sampled after 20 min of equilibration. The tail gas composition
was evaluated by gas chromatography. The catholyte and anolyte were
circulated using a peristaltic pump.

The potentials (E£) were converted to values versus RHE:

Enpie = Eng/agar + 0.198 + 0.0591 x pH @)

Egne = Esce + 0.24 + 0.0591 x pH 5)

Characterization

The morphology and elemental distributions of the samples were
examined by field-emission scanning electron microscopy (SEM; 5 kV,
Hitachi, SU5000). The XRD (MiniFlex600) pattern was collected with
CuKaastheradiation source. High-resolution TEM analyses were con-
ducted atanelectronacceleration voltage of 300 kV (FET Tecnai F30).
The high-resolution XPS (Thermo Fisher ECSALAB 250Xi) spectrawere
collected using monochromatic Al Ka X-rays, the pass energy was 20 eV,
andthe energy step size was 0.1 eV. The depth profile was achieved by
Arbombardmentin the chamber.

In the in situ IRRAS characterization, carbon paper was used as
the substrate/GDL. The hybrid catalyst was used as the cathodeinelec-
trolytes of 0.1 M KHCO, with 0.1 MKNO, saturated by CO,. Pt wire was
used as the anode electrode and Ag/AgCl as the reference electrode.
TheinsituIRRAS spectrawere collected using a Nicolet IS50 spectrom-
eter equipped with amercury cadmium telluride (MCT) detector. For
the control IRRAS experiment, Ar was purged into the solution (0.1M
KHCO; and 0.1 MKNO,) until saturated.

In the XAS characterization, carbon paper was used as the sub-
strate/GDL. The hybrid catalyst was used as the cathode in electrolytes
of 0.1 M KHCO, with 0.1 M KNO; saturated by CO,. Pt wire was used as
theanode electrode, and saturated calomel electrode as the reference
electrode. The XAS spectraat the Cuand ZnK-edges wererecorded at
the BL11B beamline of Shanghai Synchrontron Radiation Facility (SSRF).
Thebeam current of the storage ringwas 220 mAinatop-up mode. The
incident photons were monochromatized by a Si(111) double-crystal
monochromator, with an energy resolution of AE/E=1.4x10™. The
spot size at the sample was ~200 pm. All the operando XAFS spectra
at the Cuand Zn K-edge were collected in a fluorescence mode with a
Lytleionization chamber filled with Ar. The K-edge of Cu foil (8,979 eV)
was used for the calibration.

In the in situ SERS characterization, different conditions were
used, including urea synthesis condition (1M KHCO; + 1M KNO,),
the AC reference condition (0.03 M AC + 0.7 M KHCO;), KHCO; (1 M),
K,CO; (1 M) and KNO; (1 M). The characterization was performedona
Renishaw inViaRaman spectrometer inamodified flow cell withawater
immersion objective (x63) and a 785-nm laser with 0.5% power, using
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10-sintegration and accumulation with four scans per region. Pt wire
and Ag/AgClwere used asanode and reference electrodes, respectively.

The gas-phase products, including CO, CH,, C,H, and H,, were
tested by agas chromatograph (GC, PerkinElmer Clarus 600) equipped
with athermal conductivity detector and aflame ionization detector.
The liquid products, including HCOO~, NH,", C,H;OH, CH,;COOH and
n-propanol, and CH;NH, were analysed using a'H NMR spectrometer
(Agilent DD2, 600 MHz), using a known amount of acetonitrile as an
internal standard. The detection of ammonia was also achieved by 'H
NMR, where the electrolyte was acidified to reach a pH of -3 by addi-
tion of anappropriate amount of 0.5 MH,SO,. In this study, the UV-vis
adsorption spectroscopy was not able to detect ammonia because of
interference from the CO,RR products. Anionic detector was used to
detectN,,N,0,NO, and soon, by feeding Ar carrier gas with aflow rate
ofls.s.c.m.

The product urea was quantified by multiple methods. First, the
diacetylmonoxime method was carried out using UV-vis adsorption
spectroscopy’*2. Aluminium foil was used to cover the glass bottle
containingelectrolyte samples before tests to avoid light illumination.
The extracted electrolyte was initially subjected to the quantification
of ureawithout any post-processing. Second, the urea was quantified
by *NNMR. Theisotope-labelled "N NMR results show peak positions
that are different from the unlabelled ones. For the experiments in
Supplementary Fig.11, all the electrolytes were prepared using distilled
water with aresistivity of 18.2 MQ cm with a UV radiation accessory in
a carefully cleaned and sealed transparent container. The container
with electrolytes was then irradiated under UV light for 2 h before
electrochemical tests. The tests were carried out immediately after
UVirradiation. A clean electrochemical cell and accessories were used.

DFT calculations

Allabinitio DFT calculations were performed by employing the projec-
tor augmented wave method as implemented in the Vienna Ab initio
Simulation Package®**. The generalized gradient approximation in
the parametrization of Perdew-Burke-Ernzerhof* was implemented
to describe the exchange-correlation function. A plane-wave cutoff
of 450 eV and 3 x 3 x 1 gamma-centred k-point grids generated by the
Monkhorst-Pack*® scheme were used for all calculations. A charged
water overlayer” together with the zero damping DFT-D3 method of
Grimme®® were considered to account for the field and solvation effects
aswellaslong-range van der Waals interactions. A hexagonal charged
water overlayer wasadded ontoa3 x 3 x 4 face-centred cubic (111) sur-
face of Agand Cuand 3 x 3 x 4 hexagonal close-packed (0001) surface
on Zn, which includes five water molecules and a hydronium (H;0").
A vacuum region of more than 15-A thickness was included along the
perpendicular direction to avoid artificial interactions. Allatomsin the
bottommost two layers were fixed during the structural optimization,
while the other atoms, as well as the adsorbates, were allowed to relax.
Geometries were optimized by considering different adsorptionssites
onthesurfaces withrespect to the charged water overlayer, and those
with the lowest energy from DFT calculations were reported. Ab initio
molecular dynamics simulations were conductedin a constant-volume,
constant-temperature ensemble and performed for 10 ps with the
time step set to 0.5 fs, to optimize the structure of the charged water
overlayer. The Nosé-Hoover thermostat method was used to maintain
the temperature at 300 K. The atomic coordinates of the optimized
models are provided in Supplementary Data 1.

Lifecycleinventory

The commercial software packages GPS-X and CapdetWorks were used
to generate wastewater treatment plant mass and energy flows. Elec-
tricity generation and the natural gas supply areimportant background
systems for this analysis. We used emission factors for electricity and
natural gas from the Greenhouse Regulated Emissions and Energy use
in Technologies model (GREET). Data sources for other parameters,

including direct CH, and N,O emissions from wastewater treatment
plants, are provided in Supplementary Tables 10-12.

Life cycleimpact assessment

Considering the importance of the water-energy nexus and addressing
climate change, we selected global warming potential and cumulative
energy demand as the two impact categories for the LCA.

Data availability

All data supporting the findings of this study are available within the
Article and Supplementary Information. Source data are provided
with this paper.
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