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10-14, 08019, Spain. E-mail: carlos.aleman
bB. Braun Surgical, S.A.U., Carretera de Terr

E-mail: pau.turon@bbraun.com
cInstitute for Bioengineering of Catalonia (I

and Technology, Baldiri Reixac 10-12, 0802

† Electronic supplementary informa
https://doi.org/10.1039/d3se01704d

Cite this: Sustainable Energy Fuels,
2024, 8, 1473

Received 26th December 2023
Accepted 11th February 2024

DOI: 10.1039/d3se01704d

rsc.li/sustainable-energy

This journal is © The Royal Society o
from CO2 and N2 fixation under
mild conditions using polarized hydroxyapatite as
a catalyst†

Jordi Sans, a Marc Arnau, a Ricard Bosque,a Pau Turon *b

and Carlos Alemán *ac

Polarized hydroxyapatite (p-HAp) has been used as a catalyst for the synthesis of urea coupling N2, CO2 and

water under mild reaction conditions when compared to classical nitrogen fixation reactions, such as the

Haber–Bosch process. The reaction of 3 bar of N2 and 3 bar of CO2 under UV illumination at 120 °C (for

48 h) results in a urea yield of 1.5 ± 0.1 mmol per gram of catalyst (gc) with a selectivity close to 80%,

whereas the reaction is not successful without UV irradiation. However, the addition of small amounts of

NO (314 ppm) produces 15.2 ± 0.6 and 4.6 ± 0.4 mmol gc
−1 with and without UV illumination,

respectively, with the selectivity in both cases being close to 100%. As nitrogen fixation without UV

irradiation using p-HAp as a catalyst is a challenge, studies with NO have been conducted varying the

reaction conditions (time, pressure and temperature). The results suggest a mechanism based on the

production of NH4
+ through the oxidation of N2.
Introduction

About a half the worldwide produced ammonia is currently
converted into urea (CO(NH2)2), one of the most important
nitrogen fertilizers.1–3 In 2020, the global demand for urea
reached almost 188 million Tm, and it is expected to surpass
211 million Tm by 2026.4 Urea is gaining importance as a green
source for H2 production.5–7 Although water splitting is the most
used electrolysis method for H2 production,8 the high electrical
energy consumption required for reaching the electrochemical
voltage (1.23 V) is a major limitation for such a process.
However, the voltage necessary for urea splitting is much lower
(0.37 V), requiring much lower energy consumption.9,10 On an
industrial scale, urea is synthesized by combining NH3 (i.e.
consumes 80% of the NH3 produced globally) and CO2 at high
pressure to form ammonium carbamate (NH2COONH4). By
raising the temperature, the latter compound decomposes
forming urea and water. Accordingly, the industrial synthesis of
urea requires a signicant energy supply (350–550 °C and 150–
350 bar) and emits a massive amount of CO2.11,12
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f Chemistry 2024
In a recent study, Wang and co-workers13 proposed the
synthesis of urea by coupling N2 and CO2 in H2O under ambient
conditions. The process was conducted using an electrocatalyst
consisting of PdCu alloy nanoparticles on TiO2 nanosheets.
Since then, the electrocatalytic activation of N2 and CO2 with the
desirable C–N coupling reaction to urea has received wide-
spread attention and some complex electro- and photocatalysts
have been engineered for this process (e.g. InOOH nano-
crystals,14 Mott–Schottky Bi–BiVO4 heterostructures,15 and coal-
based carbon nanotubes with an Fe-core-supported Ti3+–TiO2

composite catalyst).16 Nevertheless, the urea electrosynthesis
technology is typically associated with low selectivity and reac-
tivity. Also, gold nanosheets,17 TiO2-immobilized reversible
single-atom copper,18 palladium-decorated CeO2 (ref. 19) and
2D-CdS@3D-BiOBr composites20 have been recently used for the
photoreduction of N2 and CO2 into urea by applying a potential
and visible-NIR illumination.

In this work, we present a green ceramic catalyst able to
produce urea using mild reaction conditions without requiring
an external potential. Indeed, the conditions used are particu-
larly noticeable when compared with those employed in clas-
sical N2 xation processes, such as the Haber–Bosch process
(i.e. such a process uses pressures ranging from 200 to 400 atm
and at temperatures ranging from 400 to 650 °C). The catalyst,
which is heavy metal free, consists of nanoporous permanently
polarized hydroxyapatite (p-HAp).21 It should be noted that p-
HAp was recently used to convert CO2 and water into ethanol by
promoting the reduction of CO2 and the formation of C–C
bonds, as well as to convert N2 and water into NH4

+.21 However,
Sustainable Energy Fuels, 2024, 8, 1473–1482 | 1473
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no study combining N2, CO2 and water to produce urea has
been reported yet.

Two electrothermal approaches (A and B) have been followed
to obtain urea using p-HAp as a catalyst and N2, CO2 and water
as reactants. In approach A, which is closer to that in recently
reported studies,13–20 UV illumination was applied achieving
high selectivity (∼80%) and reactivity. In approach B, a very
small amount of nitric oxide (NO) was added to the feedmixture
of gases with and without UV illumination. This work has
mainly focused on approach B, due to the novelty of NO as an
activating agent in catalytic reactions and the unexpectedly high
selectivity (almost 100%) towards urea.

Methods

The methods used to prepare p-HAp were reported in previous
work21 and, therefore, have been briey described in the ESI.†
Also, the procedures and equipment used to characterize the
catalyst are provided in the ESI.†

Synthesis of urea

The reactor consisted of an inert reaction chamber coated with
a peruorinated polymer (120 mL), in which both the catalyst
and water (20 mL) were incorporated. The reactor was equipped
with an inlet valve for the entrance of N2 and CO2 and an outlet
valve to recover the gaseous reaction products (Fig. S1†). A UV
lamp (GPH265T5L/4, 253.7 nm) was also placed in the middle of
the reactor to irradiate the catalyst directly, the lamp being
protected by a UV transparent quartz tube. All surfaces were
coated with a thin lm of a peruorinated polymer in order to
avoid any contact between the reaction medium and the reactor
surfaces, thus discarding other catalyst effects.

Reactions were performed at temperatures ranging from 60
to 120 °C for a reaction time between 6 and 48 h. Both the p-HAp
catalyst and 20 mL of de-ionized liquid water were initially
incorporated into the reaction chamber (reactions were per-
formed separately for each catalyst). The average mass of each
catalyst was m = 31 ± 4 mg. A vacuum pump was used in order
to eliminate the initial air content of the reaction chamber.
Each selected gas was introduced to increase the reaction
chamber pressure (measured at room temperature) to the target
pressure. The chamber pressure was increased to a pressure
between 1 and 6 bar by introducing sequentially each feed
reaction gas (half and half). Blank reactions were conducted
without the catalyst and with UV light radiation, while control
reactions were performed using p-HAp as the catalyst but
without UV. On the other hand, it is worthmentioning that non-
polarized HAp has not been employed as a blank in this work
since previous studies demonstrated that the polarization
treatment is essential to exhibit catalytic activity (i.e. non-
polarized HAp is not catalytically active).22,23

Analyses of the reaction products

The reaction products were analyzed by 1H NMR spectroscopy.
All 1H NMR spectra were acquired with a Bruker Avance-II+
spectrometer operating at 600 MHz. The chemical shi was
1474 | Sustainable Energy Fuels, 2024, 8, 1473–1482
calibrated using a tetramethylsilane (TMS) internal standard.
512 scans were recorded in all cases. In order to remove the
reaction products from the catalyst, 10 mg of the reacted cata-
lyst were dissolved in 15 mL of water with pH adjusted to 2.1 ±

0.2 using 7.6 mM H2SO4, to promote the conversion of
ammonia to NH4

+, and 4 cycles were applied that involved
sonication (5 min) and stirring (1 min) steps. Then, for the 1H
NMR sample preparation, 500 mL of the reacted catalyst solution
were mixed with 100 mL of DMSO-d6 instead of solvents with
labile deuterons (i.e. D2O) to avoid the formation of ammonium
deuterated analogues, not desired for quantitative analysis. The
same treatment was applied to the water supernatant.

Initially, 1H NMR spectra were acquired using the watergate
suppression method, which was reported to be very useful to
identify products coming from N2 xation, for example NH4

+.
Unfortunately, the urea signal almost overlapped the water
signal and, therefore, the application of strong water signal
suppression (zgcppr pulse sequence) was necessary to quantify
urea. However, zgcppr was too aggressive for the rest of the
products, which were lost. Therefore, spectra were recorded in
duplicate using both the watergate and the zgcppr methods.
Additionally, reaction gas products for specic reactions were
captured using Tedlar® sampling bags (Screw Cap Valve, 1
Liter, 30272-U) and later analyzed by means of gas chromatog-
raphy (GC) using a micro-chromatograph AGILENT 3000
(mPGC3000) to corroborate the mechanism behind the urea
synthesis.

In order to compare the different products obtained from the
studied reaction, the areas associated with the proton contri-
bution were normalized and calibrated through external refer-
ences. In all cases the yield of reaction products was normalized
per gram of catalyst (gc). The selectivity was calculated as the
ratio between the yield of urea and the sum of the yields of all
products detected in the liquid phase.
Reaction with engine exhaust gases

Engine exhaust gases were collected from the exhaust pipe of
a gasoline passenger car manufactured in 2007 (Mazda 3) by
means of a MSHA portable pump and stored in a Tedlar® gas
sampling bag (LB-2 Septa). According to the European Regula-
tion EURO4, the CO2 : NOx ratio in the emissions of such
a vehicle is 1962.5. The extraction of gases from the exhaust
pipe was carried out by revolutionizing the engine of the car at
approximately 3500 rpm. Aer incorporating the catalyst and 20
mL of de-ionized liquid water in the reactor described above,
the collected engine exhaust gas was introduced into the reac-
tion chamber (1 bar). The reaction was conducted at 120 °C for
24 h. The reaction products were analyzed by 1H NMR spec-
troscopy, following the procedures described for the urea
reactions.
Results and discussion

p-HAp was prepared using a four-step process:21 (1) hydroxy-
apatite (HAp) powder, which was synthesized by regulating the
shape and size of the crystals using organic solvent and the
This journal is © The Royal Society of Chemistry 2024
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controlling of the pH,24 was homogeneously mixed with 60% wt.
commercial Pluronic® F-127 hydrogel at low temperature; (2)
aer aging for 24 h, the resulting white paste, which is a print-
able ink, was shaped as desired; (3) the shaped paste was
calcined in air (1000 °C for 2 h) to remove the hydrogel (i.e. the
composition of the calcined samples was checked and, as ex-
pected, no carbon-based impurities were observed aer calci-
nation at such high temperature); and (4) an external DC
electric eld of 3 kV cm−1 was imposed at 1000 °C for 1 h to the
calcined sample (thermal polarization step). Details are in the
ESI.† The overall catalytic activation process results in the
enhancement of the activity of the acidic (Ca2+) and basic (PO4

3−

and OH−) binding sites present in the HAp structure.21,25

Representative scanning electron microscopy (SEM) images
of p-HAp (Fig. 1a) showed a nanoporous structure made of
coalesced spherical nanoparticles (average diameter: 152 ± 40
nm), dening a 3D network of nanometric pores (average size:
168 ± 48 nm). High-resolution transmission electron micros-
copy (HRTEM) images conrmed the presence of highly crys-
talline HAp grains with well-dened lattice fringes (Fig. 1b).
Thus, the Fourier transform image showed well-resolved fringes
at 2.8, 3.4 and 6.8 Å, which correspond to the (211), (002) and
(001) crystallographic planes of HAp, evidencing a single crys-
talline domain with high crystallinity. It should be noted that
the existence of a (001) plane, which did not appear in the
Fourier image transform of non-polarized HAp due to extinction
conditions, is only identied when polarization conditions
Fig. 1 (a) Low to high SEM micrographs and (b) HRTEM images of p-
HAp. Fourier transform of the image is also displayed in (b).

This journal is © The Royal Society of Chemistry 2024
cause lattice re-arrangements and produce catalytically active p-
HAp, as was shown in previous work.26,27

The Raman spectrum of HAp (Fig. S2†) was dominated by
PO4

3− characteristic vibrations (n1–n4) and the OH− character-
istic stretching vibration at nOH = 3574 cm−1.26–28 Aer catalytic
activation by applying the calcination and the electro-thermal
polarization steps, the crystallinity and the generated OH−

vacancies increased. Furthermore, the Raman spectrum of p-
HAp (Fig. S2†) reected the apparition of three peaks charac-
teristic of brushite (CaHPO4$2H2O).26,27 Previous studies
showed that the incorporation of the brushite phase at the
surface of p-HAp creates synergistic effects that increased the
efficiency and selectivity of HAp-based catalysts.26,27 Accord-
ingly, the distribution of brushite on the surface of p-HAp was
examined by acquiring several Raman spectral grids of 2 × 3 (a
representative map is depicted in Fig. S3†). The results showed
the consistent presence of HAp, while brushite was distributed
heterogeneously which is in complete agreement with the
results reported in the literature. Electrochemical impedance
spectroscopy (EIS) measurements (Fig. S4†), which were con-
ducted on wetted p-HAp and HAp samples using an adapted
electrochemical cell,29 evidenced the success of the thermal
polarization. The resistance obtained by adjusting experimental
parameters to an equivalent electrical circuit30 (Fig. S5†) was
lower for p-HAp than for HAp (Rb = 1.6 and 9.7 MU cm−2).
Details on the Raman and EIS characterization results are
provided in the ESI.†

The catalytic conversion of CO2 and N2 gases and liquid
water into urea using nanoporous p-HAp was performed using
the reactor described in the Methods section. Aer eliminating
the air content with a vacuum pump, the reaction chamber was
lled with CO2 and N2 (3 bar each) and a volume of 20 mL of de-
ionized water, which was placed in contact with the non-irra-
diated side of the p-HAp catalyst (Scheme 1). In this case
(approach A), the reaction was conducted for 48 h at 120 °C
using UV radiation, which was required to catalyze the rupture
of the nitrogen–nitrogen triple bond at such low temperature.31
Scheme 1 Reactor used for the processes described in this work.

Sustainable Energy Fuels, 2024, 8, 1473–1482 | 1475
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It should be emphasized that no external electrical eld was
applied across p-HAp, thus minimizing the energy require-
ments. Therefore, the catalytic activity of p-HAp comes from the
Fig. 2 Representative 1H NMR spectra used to identify the reaction pro
(zgcppr pulse sequence); and (b) spectrum with an attenuated water sig
a mixture of CO2 and N2 (3 bar each), 20 mL of de-ionized water, and p

1476 | Sustainable Energy Fuels, 2024, 8, 1473–1482
lattice rearrangement caused by the thermal polarization
process, which results in a permanent polarization step, con-
sisting of a highly crystalline HAp with OH− vacancies (available
ducts in the supernatant: (a) spectrum with a suppressed water signal
nal (watergate). The reaction was conducted at 120 °C for 48 h using
-HAp as the catalyst.

This journal is © The Royal Society of Chemistry 2024
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electric charge) and with the remaining OH− aligned pointing
in a specic direction.26,27 These changes resulted in a signi-
cant increment of the crystallinity, enhanced proton conduc-
tivity and customized surface charge accumulation with
electrical charge delocalization along the microscopic HAp
grains.30

Aer 48 h, the reaction products on the catalyst surface, and
those transferred from the solid catalyst to the liquid water
(henceforth “supernatant”), were identied by 1H NMR spec-
troscopy using DMSO-d6 for recognition and quantication of
NH4

+ and urea.31,32 Initially, the urea signal almost overlapped
the water signal and the application of strong water signal
suppression (zgcppr pulse sequence) was necessary to quantify
urea. Fig. 2a and b show representative 1H NMR spectra
acquired for the supernatant, while Fig. S6† displays the spectra
recorded for the dissolved catalyst. The yields of the different
reaction products obtained for approach A, which are expressed
as mmol or mmol of product per gram of catalyst (mmol gc

−1 or
mmol gc

−1), are listed in Table 1 for both the dissolved catalyst
and the supernatant.

In addition to the characteristic signal of H2O at 4.6 ppm and
the DMSO-d6 ngerprint at 3.5 ppm, the 1H NMR spectrum
collected with the solvent-suppression pulse sequence allowed
the clear detection of the presence of urea as a sharp singlet
(Fig. 2a). It is worth noting that the peak of urea shis from 5.42
ppm (neutral pH) to 6.68 ppm in the acid solution used to
dissolve the catalyst (Fig. S7†). The study of the shi of the urea
peak with the solution acidity is provided in Fig. S8.† This peak
was much less dened in the spectrum acquired by applying the
widely used watergate technique (Fig. 2b), which instead
allowed identication of NH4

+, ethanol (EtOH), acetic acid,
acetone and formic acid as reaction products. Thus, Fig. 2b
reveals the formation of NH4

+ at around 7 ppm as a relatively
sharp 1 : 1 : 1 triplet due to spin coupling to 14N.

The production of NH4
+ from pure N2, which was demon-

strated by 15N2 isotope-labeling experiments, was recently re-
ported using a partially porous catalyst and identical reaction
conditions.31 The NH4

+ yield achieved in that reaction was one
order of magnitude lower (155 ± 26 mmol gc

−1) than the urea
yield reported in Table 1 (1.5 ± 0.9 mmol gc

−1). This signicant
increment was due to the improvement in the preparation of
the p-HAp catalyst, which was shaped under cold conditions to
minimize friction and adhesion forces and, therefore, to maxi-
mize the porosity at the surface.

Ethanol (EtOH), acetic acid, acetone and formic acid were
also identied (Fig. 2b). EtOH, acetic acid, acetone and formic
acid were previously obtained by xing pure CO2 and under
similar reaction conditions, although in that case the yields
were lower than 10 mmol gc

−1 because p-HAp was prepared as
a compact disc rather than an ultraporous 3D shaped cuboid.22

Thus, the yield of C2 products increased considerably (51 ± 3
and 139 ± 7 mmol gc

−1 for EtOH and acetic acid, respectively)
when the Pluronic® hydrogel was used to induce porosity. The
reaction products displayed in Table 1 reect that the yield of
urea coming from the reaction of N2 and CO2 is signicantly
higher than the sum of the yields of the different products
T (u R C P U N E A A F S a
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obtained from each of the gases individually, suggesting the
existence of a synergistic effect.

The yield of the different reaction products was null in the
absence of the catalyst (blank reaction) and very low (<2 mmol
g−1) when p-HAp was not irradiated with UV light (control
reaction). The latter observation indicates that obtaining
ammonia is crucial for the formation of urea, allowing mecha-
nisms to be discarded based on precursors formed through the
direct coupling of N2 to CO2, as reported for other
electrocatalysts.13–17,33–35 Based on the experimental results and
previously reported data for p-HAp,22,31,36,37 a reaction mecha-
nism is proposed for the conditions used in approach A
(Scheme 2).

In the rst step, N2 and liquid water are converted into
ammonia, with UV illumination being essential to overcome the
activation energy barrier for p-HAp catalyzed nitrogen-xation.31

The resulting ammonia reacts with CO2 to yield urea, probably
following the classical two equilibrium reactions:38 the forma-
tion of ammonium carbamate (eqn (1)) and the subsequent
decomposition of ammonium carbamate into urea and water
(eqn (2)).

2NH3 + CO2 $ NH2COONH4 (1)

NH2COONH4 $ CO(NH2)2 + H2O (2)

The reaction of N2 and H2O through an independent process
results in an excess of ammonia to shi the equilibrium
towards urea formation, achieving high selectivity towards urea
(around 80%). The reaction catalyzed by p-HAp operates at
much lower temperature and, especially, pressure than those
typically employed for this industrial process.31,38 Besides,
secondary reactions give rise to the formation of the other
carbonaceous products through the reduction of CO2 catalyzed
by p-HAp.

To further increase both the yield and selectivity towards
urea, the addition of a small amount of another gas, NO, to the
feed mixture was considered. Although the preferential elec-
troreduction of NO over CO2 in a mixture containing such two
gases could decrease CO2 reduction performance of the elec-
trocatalyst, no signicant detrimental effect was reported when
Scheme 2 Mechanism proposed for the formation of urea (top) and
other products (bottom) under the reaction conditions defined in
approach A: N2 (3 bar) + CO2 (3 bar) + H2O (20 mL) at 120 °C with UV
illumination.

1478 | Sustainable Energy Fuels, 2024, 8, 1473–1482
the amount of NO was very small.39 The attainment of
ammonia, as a primary product from the electroreduction of
NO, using a source different from N2 xation, which is limited
by the triple bond,37 could have three advantages: (1) promoting
the formation of urea at the initial stages of the reaction cata-
lyzed by p-HAp and favoring the equilibrium towards urea; (2)
minimizing the transformation of CO2 in reaction products
different from urea; and (3) reducing the activation energy
required to break the N–N triple bond and facilitating the
transformation of N2 into NH3. Accordingly, the reaction was
repeated using experimental conditions identical to those
described above (120 °C, UV radiation, 20 mL of water and p-
HAp as the catalyst) but using the following feed gas composi-
tion: 3 bar of CO2 and 3 bar of a N2 and NO mixture, in which
the content of NO was as low as 314 ppm (hereaer named N2/
NO mixture). The reaction products obtained aer 48 h, which
were quantied by 1H NMR spectroscopy (Fig. S9 and S10†), are
listed in Table 1.

The total yield of urea (i.e. catalyst + supernatant) signi-
cantly increased from 1.48 ± 0.09 mmol gc

−1 to 15.2 ± 0.55
mmol gc

−1 upon the addition of a small amount of NO to the
feed gas mixture. In contrast, the total yield of C2 products
(EtOH and acetic acid) decreased by one order of magnitude
(from∼190 to∼14 mmol gc

−1), while that of C1 (formic acid), C3
(acetone) and NH4

+ remained approximately the same. Overall,
the addition of a small amount of NO to the feed gas mixture
increases the selectivity towards urea (from 79.9% to 98.9%),
which conrms some of our previous hypothesized advantages.
Indeed, comparison with the yields obtained for approach A
suggests that the mechanism in the synthesis of urea is
different when a small amount of NO is present in the feed gas
mixture.

In order to corroborate that the presence of NO contributes
directly or indirectly to lowering the activation energy required
for the cleavage of the N–N triple bond, the reaction was
repeated without UV illumination keeping the rest of the
experimental conditions identical. The yields of the different
reaction products aer 48 h are included in Table 1, while
Fig. S11 and S12† show representative 1H NMR spectra.
Although the total yield of urea was much lower compared with
that under UV radiation (4.61 vs. 15.22 mmol gc

−1), the reaction
was not only successful but also showed a total yield of urea
higher than the reaction with UV radiation but without NO in
the feed gas (4.61 vs. 1.48 mmol gc

−1). Another important
feature was the very high selectivity towards urea since, as is
reected in Table 1, the rest of the reaction products were only
intuited. Thus, the concentration of NH4

+, EtOH, acetic acid,
acetone and formic acid was so low (<0.1 mmol gc

−1) that a more
precise quantication was not possible.

Other photocatalysts have recently been used to produce
urea from N2, CO2 and H2O.16,40 For example, the yield of urea
reported for pure TiO2, TiO2-immobilized reversible single-
atom copper (denoted as Cu SA–TiO2) and coal-based carbon
nanotubes with Fe-core-supported Ti3+–TiO2 composite cata-
lysts was 33.61 mg gc

−1, 432.13 mg gc
−1 and 710.1 mmol (L gc)

−1,
respectively, which are lower than those obtained in this work
under the different examined conditions.
This journal is © The Royal Society of Chemistry 2024
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Although our results show that NO plays a signicant role in
the xation of N2, different reactions used as controls indicate
that the contribution of NO to this process is indirect. For
example, no nitrogen-containing compound (i.e. urea and or
NH4

+) was detected when the reaction was conducted for 48 h
using CO2 + N2 (3 bar each without NO) as feed gas and without
UV illumination. In that case, the identied reaction products
(not shown) were identical to those reported for the reaction of
CO2 alone.22 On the other hand, detection of the NH4

+ reaction
product was achieved with N2/NO alone (6 bar of N2 containing
314 ppm of NO) and 20 mL of water without UV radiation at 120
°C using p-HAp as a catalyst, yielding a higher NH4

+ quantity
compared to the catalytic reaction of sole N2 with the same
conditions (Fig. S13†). It is worth highlighting that for the N2/
NO reaction without UV radiation the NH4

+ production yield
reached similar values to the ones reported in the literature
when using UV illumination.31 Therefore, the crucial role of NO
in the activation of N2 can be corroborated.

In order to ascertain the mechanism, the reaction products
formed at shorter times, lower temperatures and lower pres-
sures were identied and quantied. The results obtained
individually for the catalyst and supernatant are shown in
Fig. S14–S16,† while Fig. 3 displays the sum of the yields
considering the two phases. Both NH4

+ and acetone were
detected in the supernatant at the shortest reaction time (6 h)
but disappeared at 24 h. Instead, the yield of urea clearly
increases with time. At the lowest temperature (60 °C) the
amount of acetic acid and acetone in the supernatant was
signicant aer 24 h (Fig. 3b). Besides, for a reaction time of 6 h,
the reaction conducted at the lower pressures (especially 1 bar)
allowed the identication of signicant amounts of NH4

+ and
acetone in the supernatant (Fig. 3c and S16†).

The results displayed in Fig. 3 suggest that NH4
+ plays

a crucial role in the formation of urea catalyzed by p-HAp in the
absence of UV illumination. The electro-reduction of NO to NH3

was reported as a sustainable route to convert such a pollutant
into a value-added chemical using nanoscale Fe on carbon
black (Fe/C)41 and a nanoporous VN lm supported on carbon
ber cloth42 as catalysts while applying a cathodic potential.

NO + 6H+ + 5e− $ NH4
+ + H2O (3)

This reaction, which occurs in the absence of UV radiation,
could also be proposed for p-HAp, which is known to act as an
electrocatalyst able to reduce CO2 without the assistance of an
external potential,21–23 due to its capacity to store charge at the
surface.26,30 It is worth noting that the amount of NO in the feed
mixture is too small to explain the high yield of urea by
a mechanism involving this process, and therefore it is neces-
sary to propose an additional source of NO. However, N2 in the
presence of water can oxidize to nitrous oxide (N2O) that,
subsequently, can oxidize to NO. The global process involved in
this double oxidation is:

N2 + 2H2O $ 2NO + 2H2 (4)
This journal is © The Royal Society of Chemistry 2024
The consumption of NO to produce NH4
+ (eqn (3)) would

favor NO formation, shiing the equilibrium of eqn (4) towards
the right. Accordingly, the complete redox process obtained by
applying the capacitive charge to p-HAp and combining the
oxidation of N2 to NO and the reduction of NO into NH4

+ is
compatible with both: (1) the lack of NH4

+ when NO is not
included in the feed gas mixture and the reaction occurs
without UV illumination; and (2) the high yield of urea.
Subsequently, the presence of H2 and CO2 on the surface of the
catalyst leads to a self-reinforcing process by means of a reverse
water–gas shi reaction (RWGSR) as follows:

CO2 + H2 $ HCOOH $ CO + H2O (5)

The presence of formic acid (HCOOH), a known interme-
diate of the CO2-to-CO RWGSR,43 can be observed for short
reaction times (Fig. S14†). Thus, both HCOOH and CO can
contribute to positive feedback towards the nal urea yield. The
presence of C1–C3 products (Fig. S15 and S16†) has been
attributed to CO2 methanation, a side reaction of the RWGSR
that is thermodynamically favorable at low temperature and
pressure.44 Indeed, the presence of p-HAp favors the incorpo-
ration of cCH3 from methane into other C1 and C2 products
obtained by the direct xation of CO2.45 Therefore, the reduction
of acetone observed at the early stages of the reaction (Fig. S14†)
seems to be more plausible if assigned to CO2 methanation,
which at higher temperatures has been reported to occur only at
the start of the RWGSR.46

Finally, the reaction of NH4
+ with CO2 and water gives

ammonium salts (eqn (6)).47 Although such intermediates are
not thermally stable and tend to decompose into ammonia and
CO2, some catalysts promote the conversion of ammonium
carbamate to urea at mild temperatures (∼100–120 °C).48,49 This
process is proposed for this work (eqn (7)), and the high yield of
urea suggests that ammonium carbamate is the most abundant
among the formed ammonium salts:

NH4
þ þ CO2

þH2O/

8>><
>>:

NH4
þ�

O� Cð¼ OÞ �NH2ðcarbamateÞ
NH4

þ�
O� COOHðcarbonateÞ

NH4
þ�

O� Cð¼ OÞ �O�þNH4ðbicarbonateÞ

(6)

NH4
+−O–C(]O)–NH2 / CO(NH2)2 (7)

In order to support the proposed mechanism, a reaction
consisting of 6 bar of CO2, 19 mL of water and 1 mL of NH3 was
carried out at 120 °C for 24 h, obtaining a urea yield of 1.99 ±

0.26 mmol gc
−1. The 1H NMR spectrum (Fig. S17†) conrmed

the presence of the carbamate ion as a subproduct of the
reaction (i.e. a new singlet at 3.65 ppm, corresponding to
methylcarbamate). Accordingly, both the acetone and the acetic
acid peaks displayed well-resolved shoulders which were
attributed to the partial substitution of methyl groups by amino
species.
Sustainable Energy Fuels, 2024, 8, 1473–1482 | 1479
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Fig. 3 Total yield of the reaction products identified by 1H NMR (i.e. sum of the yields quantified in the catalyst and the supernatant; see Fig. S14–
S16†) as a function of: (a) the reaction times (6, 12, 24 and 48 h) for amixture of 3 bar of CO2 and 3 bar of N2/NO (314 ppmof NO) at 120 °C; (b) the
temperature (60, 80, 100 and 120 °C) for a mixture of 3 bar of CO2 and 3 bar of N2/NO (314 ppm of NO) and 24 h of reaction; and (c) the pressure
(1, 2, 4 and 6 bar; half and half of CO2 and N2/NO) at 120 °C for 24 h. In all cases, the reactions were conducted without UV illumination, using 20
mL of de-ionized water and p-HAp as the catalyst.
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In addition, analyses of the gas products obtained for
a standard urea synthesis reaction (3 bar CO2, 3 bar N2/NO, 120
°C, with UV radiation and p-HAp for 24 h) were carried out by
means of gas chromatography. No urea was detected in the gas
phase suggesting the complete dissolution of this reaction
product into the supernatant. Nonetheless, a non-negligible
amount of N2O can be observed in the chromatographs, as
displayed in Fig. S18.† Such a result strongly supports the
overall proposed reactionmechanism, conrming the oxidation
of N2 to NO presented in eqn (4). Because of the fact that N2O is
identied as an intermediate of the reaction (i.e. very small
amount observed) and that the retention time almost overlaps
the CO2 signal, proper quantication cannot be performed. As it
was the only compound with catalytic properties inside the
reactor, p-HAp is proposed to catalyze not only the redox reac-
tions needed to produce ammonium from NO and NO from N2,
but also the conversion of ammonium carbamate into urea.
Besides, the elimination of C1, C2 and C3 products is probably
due to their electro-oxidation to CO2 at an advanced stage of the
reaction.

As a proof of concept, the urea synthesis catalyzed by p-HAp
was evaluated using engine exhaust gases coming out of the
fumes of gasoline vehicle engines that do not incorporate the
use of AdBlue to reduce NOx-type pollutants (see Methods).
Aer reaction at 120 °C for 24 h without UV illumination using 1
bar of polluted air, the total amount of urea detected in the
corresponding 1H NMR spectra (mainly at the supernatant) was
8.0 ± 0.4 mmol gc

−1 (Fig. S19†). The migration of the product
from the catalyst to the supernatant (3% vs. 97%) is expected
not only to avoid poisoning of the catalyst but also to facilitate
the recovery of the reaction product.

Conclusions

A nanoporous p-HAp catalyst produces urea starting from N2

and CO2 gases and liquid water using mild reaction conditions.
With UV radiation, a high urea yield (1.5 ± 0.1 mmol gc

−1 for 48
h) with a selectivity close to 80% is obtained, whereas no reac-
tion is observed without UV illumination. Thus, urea forms
through the reaction of NH4

+, which comes from the N2 xation
catalyzed by p-HAp, with CO2 to give ammonium carbamate
that subsequently decomposes into urea.

When a small amount of NO (314 ppm) is introduced in the
feed gas mixture, the urea yield signicantly increases to 15.2 ±

0.6 mmol gc
−1 under UV illumination and, in addition, the

reaction is successful without UV irradiation with a yield of 4.6
± 0.4 mmol gc

−1, Furthermore, the selectivity in both cases
increases to almost 100%. A mechanism based on the reduction
of NO to NH4

+ is proposed, while NO regenerates through the
oxidation of N2. Finally, as a proof of concept, the applicability
of this process is proven using engine exhaust gases with NOx-
type pollutants from the fumes of gasoline vehicle engines. The
reaction, which produced a high yield of urea, evidences the
potential of p-HAp in the automotive sector.

In summary, this work offers a catalyst, based on a green
ceramic, for converting N2 and CO2 to urea with high yield and
selectivity using mild reaction conditions and UV irradiation.
This journal is © The Royal Society of Chemistry 2024
The addition of a small amount of NO to the feed gas mixture
allows the UV illumination to be eliminated, resulting in an
outstanding yield and selectivity towards urea.
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