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ABSTRACT: The energy-intensive manufacture of nitrogen-based fertilizers
such as ammonia (NH;) and urea consumes a significant fraction of the global
energy supply. At the same time, widespread accumulation of excess nitrate
(NO;") from agricultural runoff poses serious risks to ecological and human
health. These escalating environmental and economic costs highlight a pressing
need for more sustainable fertilizer production. Photocatalytic conversion of

waste NO;~ into NH, underscores a growing interest in circular low-energy Eneroy-intensive

g ona .o
alternatives to the traditional Haber—Bosch process. For example, as the most C°|2 and NOy
widely applied nitrogen fertilizer, analogous routes to urea remain critically % é va Orlzatlon

Application
—>

Urea
Nltr/f/catlon
and Ieach/ng

Haber-Bosch
Bosch-Meiser

underdeveloped. We demonstrate the valorization of two abundant and harmful
pollutants, nitrate and carbon dioxide (CO,) into urea over a mixture of com-
mercially available TiO, and CuO photocatalysts. The ability to drive this com-
plex transformation under ambient temperature and pressure using solar energy highlights its potential to lower the energy demand of
conventional fertilizer production. These results provide a fundamental platform from which to envision a more sustainable, visible

light-driven ammonia/urea synthesis.

As the world’s ever-rising consumption of resources inten-
sifies pressure on agricultural feedstocks, the manufacture
of nitrogen-based fertilizers is increasingly important."?
Currently, well-established Haber—Bosch and Bosch—Meiser
technologies are responsible for the commercial production of
ammonia (NH,) and urea (H,NCONH,), respectively.
These energy-intensive processes require operation tempera-
tures reaching 200-500 °C and pressures often exceeding
15 MPa.*® The combination of high energy reaction conditions
paired with the growing need for synthetic nitrogen fertilizer
results in NH; manufacture alone accounting for approximately
1-2% of global energy consumption along with the release of
235 million tons of CO, per year."””® Interestingly, a large por-
tion of carbon emissions are derived from the production of
H,—the precursor to ammonia—via steam methane reform-
ing.”® The colossal energy demands of fertilizer production
translate directly into rising monetary costs, a trend further
reflected in increasing prices of commercial NH, and urea.'®!!
Beyond its use in fertilizer, ammonia’s growing appeal as an
alternative fuel will push global demand even higher.'"'?
Further, excess ammonia and urea in agricultural soil undergo
nitrification (to NO,") and leaching into nearby surface water,
which drive downstream ecological and human health risks
(Figure 1). These processes collectively illustrate how current
fertilizer production leads to long term impacts across atmo-
spheric, human, and aquatic systems, stressing the need for
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alternative, circular pathways toward the synthesis and utiliza-
tion of NH, and urea.

Addressing these growing concerns calls for developing
chemical alternatives to recycle waste NO,  back into
nitrogen-based fertilizers. For instance, photo- and electro-
catalytic reduction is an emerging strategy for generating
ammonia with minimal energy input while simultaneously
remediating nitrate from waste streams and freshwater
sources.>'*™*> Nanostructured semiconductors show promise
in the selective photocatalytic reduction of NO;™ to NH,* in
acidic or neutral aqueous solutions under visible light,>'*'¢~'
and similar processes targeting urea are only beginning to
emerge.'”'**> Developing low-energy pathways for valoriza-
tion of NO;™ into urea could be the key to mitigating the
growing environmental impacts associated with nitrogen-based
fertilizers.>** Specifically, by redirecting waste streams into
feedstocks to prepare ammonia and urea under mild conditions,
this approach could substantially lower the energy
associated with fertilizer and/or fuel production. In isolation,
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Figure 1. Photocatalytic valorization of NO;~ and CO, from waste
streams into NH; and urea.

photocatalytic NO,~ or CO, reduction are each well-
established.>'*'* These two fundamental reactions combined
provide a route toward their valorization into urea and a possi-
ble alternative to the industrial Bosch—-Meiser process. While
several photo and electrocatalytic systems generate urea
through reactions between NO,™ or N, with CO or CO,,*>*
the reductive C-N coupling of NO,~ and CO,—two central
targets for environmental remediation and resource recov-
ery—remains challenging.”’ " Initial reports reveal that photo-
catalysts utilized in the co-reduction of NO,~ and CO, contain
rare or multiple metal-based cocatalysts and semiconductors
prepared via multistep synthetic procedures.”’*>> While these
constructs promote efficient charge separation and improve
activity,”*** they present challenges toward wide scale
adoption and development due to the associated materials
and fabrication. Thus, it is desirable to explore simpler and
more earth-abundant photocatalysts for NO,~ reduction to
urea. Moreover, basic research into the reductive C-N coupling
of NO;~ and CO, under visible light could unveil the physical
basis for strategic and sustainable N and C valorization.

Transition metal oxides exhibit well-established activity in
catalytic NO,%*!" and CO, reduction,”* > making them
attractive candidates for NO;~ recovery and valorization into
NH,* and urea. Heterostructured metal oxides are particularly
advantageous for pilot scale applications.*® For instance, TiO,
and Cu-based photocatalysts enable large scale photocatalytic
water splitting.® Hand-ground mixtures of commercial TiO,
and CuO nanocrystals spontaneously aggregate in aqueous
solutions through electrostatic interactions arising from their
opposing zeta potentials.>”*® Inexpensive, readily accessible,
and easy to prepare, the resulting TiO,/CuO photocatalysts
are ideal platforms to study the reductive coupling of NO;~
with CO,,.

Remarkably, supplying a steady flow of CO, into 15 mL of an
aqueous solution of ca. 1 mM NO,”, 10 mM glycerol, and
10 mg TiO,/CuO photocatalyst under visible light results in
the formation of both ammonia (NH,* under neutral or acidic
pH) and urea (Scheme 1 and Figure 2)—see Supporting
Information. Mass spectra confirms the presence of urea, and
reactions run with "N (*) isotopically labeled Na"NO, gener-
ate labeled urea (H, "NCO"NH,), validating that nitrate is the
source of nitrogen. Specifically, this TiO,/CuO combination
achieves 79% reduction of NO,~, and 250 pM of NH,* and
20 pM of urea under 420 nm illumination in 24 h. Other cocat-
alysts such as NiO and Ag,O show lower activity. Increasing the

Scheme 1. Photocatalytic Valorization of NO,~ and CO,
(10 mM Glycerol, 30 °C, 6-24 h, pH = 4).
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initial concentration of NO;™ from 1 mM to 4 mM increases
the amount of urea from <10 pM to 30 pM after 6 h, and from
20 pM to 70 pM after 24 h. Starting with 4 mM nitrate, the
yield of the reaction over TiO,/CuQO remains constant at
0.028 pg urea mg_,, ' mL™" h™! between 6-12 h. Previous het-
erogeneous catalysts under comparable conditions reach yields
of 0.108 pg urea mg_, " mL™' h™' within 1 h, although this
value reportedly decreases to 0.008 pg urea mg_, ' mL™' h™!
within 3 h.*° Thus, TiO,/CuO displays more consistent rates
of urea generation over extended periods of time. The com-
bined selectivities for ammonium and urea remain less than
100% in most experiments. Additional analysis reveals little
nitrite (<10 pM) is present after each experiment, suggesting
a significant amount of nitrogen escapes in the form of nitrogen
oxides and/or nitrogen gas, which can be common in nitrate
reduction. Interestingly, a distinct fishy odor also suggests the
generation of amines when reaction times exceed 12 h.** A
comprehensive study of product identification and quantifica-
tion will be the subject of a future paper. Apparent quantum
yields (AQY) are 2.7% after 6 h and 1.2% after 24 h
(Table 1). To test how ammonium concentration affects urea
formation, we examined the coupling of NH,* and CO, to urea
over TiO,/CuO. Indeed, urea forms faster starting with 2.5 mM
solution of NH,, reaching 40 uM in only 6 h.
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Figure 2. Photocatalytic valorization of NO;™ (a, b) or NH, " (c) with
CO, into NH,* and urea under 420 nm light (see Table 1).
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Table 1. Photocatalytic Valorization of NO,™ and CO, into NH,* and Urea

reactant(s)” photocat. t(h) A (nm)
NO; + CO, TiO,/CuO 6 420
NO; + CO, TiO,/CuO 24 420
4XNO,™ + CO, TiO,/Cu0 6 40
4XNO,™ + CO, TiO,/Cu0 12 40
4XNO;™ + CO, TiO,/CuO 24 420
NO, + CO,’ TiO,/CuO 6 420
2XNO; + CO,’ TiO,/CuO 6 420
NO,™ + HCO,™ (0.1 M) TiO,/CuO 6 420
NO, + CO, TiO, 6 40
NO; + CO, CuO 6 420
NH,* (2.5 mM) + CO, TiO,/CuO 6 420
2xNO,” TiO,/CuO 6 420
Raccoon River, 1.15 mM NO; ™ + CO, TiO,/CuO 24 420
Des Moines River, 0.42 mM NO;~ + CO,  TiO,/CuO 24 420
Skunk River, 1.31 mM NO;™ + CO, TiO,/CuO 24 420

[NO;] (mM), conv. (%)”  [NH,*] (uM)  [urea] (uM)  AQY (%)°
0.31, 35 230 <10 0.64
0.75, 79 250 20 032
1.47, 38 110 30 27
2.07, 53 210 60 1.9
2.54, 66 680 70 12
0.16, 17 60 <10 03
0.48, 27 150 <10 0.88
0.03,2 <10 <10 0.08
0.20, 19 79 <10 0.44
0.00, <1 <10 <10 0

- 1820 40 -
1.51, 86 500 - 28
0.53, 46 260 20 025
0.19, 45 90 <10 0.09
0.68, 52 450 20 0.32

“Initial [NO; ]o = 0.94-1.24 mM, 10 mg photocatalyst (10:1"/  TiO, to CuO), 15 mL solution, CO, supplied in excess into headspace (1 atm,
20 mL/min) unless otherwise indicated. “Uncertainties: [NO,”] + 0.10 mM, [NH,"] + 10 puM, [urea] + 10 pM. “Determined from NO,~ conver-
sion; AQY () (%) = 100 X number of reacted electrons / number of incident photons (see Supporting Information). 9Sealed under static CO,
atmosphere (1 atm, 0 mL/min). ‘Supplied in excess into solution (1 atm, 20 mL/min). fReaction performed under the flow of Ar (1 atm,

20 mL/min).

To better understand the role of each metal oxide, we ran a
series of control experiments and examined the effect of differ-
ent experimental variables on NO;~ conversion and the produc-
tion of NH,*. Reactions run under 420 nm light in the absence
of TiO, show that CuO alone is incapable of reducing NO;".
On the other hand, TiO, shows some NO,~ reduction (19%)
and 79 pM of NH, ™. Because TiO, alone is unable to absorb
420 nm light, we attribute this marginal activity to residual elec-
trons generated on the semiconductor surface under ambient
light. (Storing TiO, in the dark for 48 h suppresses catalytic
activity.'®) These combined results indicate that CuO is neces-
sary to build an active TiO,/CuO photocatalyst capable of sus-
taining prolonged NO,~ and CO, valorization to NH,* and
urea under visible light. Interestingly, previous reports show
that CuO readily undergoes photoreduction to Cu,O (and even
Cu) in the presence of TiO,, shifting the relative positions of
the cocatalyst’s conduction and valence bands***>*! (or work
function).*** In other words, in situ reduction of the Cu-
based cocatalyst may assist in the capture of visible photons
and migration of photogenerated electrons to and from the con-
duction band of TiO,, improving charge separation and pro-
moting higher catalytic activity.

To gain additional physical insight into the reaction, we
investigated the effect of CO, delivery on activity. A consistent
flow of CO, (20 mL/min) through the headspace of the reac-
tion results in the greatest activity. In contrast, sealing the reac-
tion vessel and leaving it under static CO, (1 atm, 0 mL/min)
slashes NO,™ reduction from 35% to 17% and yield of NH,*
from 230 pM to 60 PM. A possible explanation may be the
accumulation of O, gas from competing water oxidation in a
closed system, which can inhibit nitrate reduction.** However,
bubbling CO, directly (20 mL/min) into the solution rather
than through the headspace causes a slight decrease in NO;~
reduction from 35% to 27% and yield of NH,* from 230 pM
to 150 pM. Furthermore, replacing CO, with 100 mM
HCO;™ completely suppresses activity, showcasing that carbon
dioxide delivery and speciation have significant effects on nitrate
reduction. Finally, replacing CO, with Ar flow increases NO;~
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reduction from 35% to 86% and the yield of NH," from
230 uM to 500 pM. Because bubbling CO, normally reduces
the pH of the solution from 5 to 4, and because acidification
from S to 2 in the absence of CO, decreases nitrate reduction
from 86% to 23% (see Supporting Information), we attribute
this observation to a decrease of pH in the presence of dissolved
carbonic acid. Critically, this also suggests that the source of car-
bon in urea is CO, rather than the sacrificial agent. Mass spec-
trometry further supports this deduction, as urea only appears
as a product in the presence of CO,. NO;™ reduction ceases
in the absence of glycerol. Photogenerated holes on the surface
of the semiconductor oxidize glycerol, preventing charge carrier
recombination, and supporting nitrate reduction.*~** "H NMR
analysis indicates the formation of glycol-aldehyde and formic
acid during the reaction (see Supporting Information).
Together, these results reveal the essential role that the bio-
mass-derived, hole-scavenging sacrificial agent plays in the valo-
rization of NO;~ and CO,. Pushing this reaction to proceed
with less glycerol and/or alternative electron donors may fur-
ther lower the energy demand for nitrate and carbon dioxide
valorization into urea.

Although TiO,/CuO exhibits strong activity in controlled
laboratory systems, its practical utility ultimately relies on their
tolerance against contaminants found in natural waters.
Environmental samples contain various types and amounts of
organic matter, inorganic ions, and salinity which all vary greatly
by region and can significantly influence catalytic activity.
Because Iowa’s robust agricultural productivity pushes substan-
tial nutrient loading into its rivers, its waterways provide an
environmentally significant platform for testing nitrate reduc-
tion catalysts under challenging, real-world conditions.
Therefore, we collected raw water samples from three separate
Towa rivers to attain a more practical substrate for photocataly-
sis. Remarkably, TiO,/CuO readily reduces nitrate to ammonia
and urea in all three river samples in the presence of glycerol
(Figure 3). Most impactful, nitrate levels in the Raccoon River
and Skunk River dropped below the EPA limit of nitrate in
water (0.7 mM) within 24 h under visible light.*” These
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Figure 3. Photocatalytic nitrate reduction in water samples collected
from the Raccoon River, Des Moines River, and Skunk River in
Central Iowa (Summer 2026). The gray dashed line represents the
EPA-recommended limit of nitrate in drinking water (0.7 mM).

findings showcase the outstanding resilience of these metal
oxides to environmental contaminants, underscoring a critical
need to devote further research into improving yield, product
selectivity, and catalyst design.

In sum, we demonstrate the ability of CuO-modified TiO, in
coupling nitrate reduction and carbon dioxide into urea. Our
results showcase the effect of CO, source and mode of
delivery—Ilikely driven by competitive adsorption between
CO, and NO;™ on the catalyst surface—with the highest activ-
ity observed when CO, gas is continuously supplied to the
headspace of the reaction. Maintaining a constant flow of
CO, helps flush out adventitious oxygen and minimizes compe-
tition between oxygen and nitrate reduction. Glycerol plays an
essential part as a sacrificial agent in supporting nitrate reduc-
tion. The conversion of nitrate and yield of ammonia are high-
est in the absence of CO,; the lack of urea in this case indicates
that the source of carbon is CO, rather than glycerol. Future
work will address the photoinduced charge transfer, in situ
Cu?" reduction, and formation of carbon and nitrogen interme-
diates over TiO,/CuO to guide fundamental improvements in
yield and selectivity. Further development of these reactions
may pave the way toward efficient valorization of NO,~ and
CO, into value-added products like ammonia and urea, lessen-
ing the energy demands and environmental impacts of conven-
tional nitrogen-based fertilizers and fuels.
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