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Ammonium ions were formed by electrochemical oxidation of urea
with a boron-doped diamond (BDD) electrode. Almost complete
decomposition of urea was achieved. When the BDD electrode was
used together with a mesoporous titanium dioxide photocatalyst,
the amount of ammonium ions produced increased.

Nitrogen (N) is one of the three major nutrients, along with
phosphorus and potassium, that are indispensable for plant
growth. However, because molecular nitrogen (N,) is chemi-
cally inert, plants cannot directly uptake N, from air. Therefore,
N-containing ions such as ammonium (NH,') and nitrate ions
(NO; ™) are needed in fertiliser. In addition, numerous N-containing
inorganic and organic compounds have been industrially produced
that support our society. Reactive N sources are needed for life on
Earth and ammonia (NHj) is the most important N source.

NH; has been attracting great interest as a hydrogen carrier.
NHj; easily liquefies under moderate conditions such as 0.857 MPa
at 20 °C or ambient pressure at —33 °C. In addition, the volumetric
hydrogen storage density of NH; is very high—three times that of
molecular hydrogen (H,) at 70 MPa.' Furthermore, the risk of
ignition and explosion of NH; is lower than that of H,. These
features mean that NH; is a promising carrier for the realisa-
tion of a hydrogen society.
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NH; is commonly fabricated by the Haber-Bosch method, in
which H, and N, are directly reacted with a metal catalyst.
Although this process is well established, because the reaction
is conducted at high temperature (400-600 °C) and high
pressure (20-40 MPa), it requires a huge amount of energy.
Therefore, development of an alternative method to produce
NH; is important.

As an alternative process to fabricate NH;, we focused on
oxidation of urea in urine. This process is of interest from the
perspective of making a useful product (i.e., NH;) from a waste
product (i.e., urine). To realise cost-effective and environmen-
tally benign process, using common equipment at atmospheric
pressure and room temperature is desired. However, photolysis
and photocatalytic reaction is not suitable because urea is hard
to decompose by them.

In this study, we adopted electrochemical treatment and use
boron-doped diamond (BDD) as an electrode to oxidise urea.
BDD has several unique properties, such as a wide potential
window, low background current and high physical/chemical
stability. The wide potential window of BDD enables water
oxidation at high voltage, leading to the production of reactive
oxygen species (ROS).? Previous studies have revealed that BDD
is a suitable electrode for electrochemical oxidation of urea.
Hernandez et al® compared the performance of Pt, Ti-Ru
oxide, BDD and antimony-doped tin oxide electrodes in urea
oxidation and found that only BDD could decompose urea
completely. Li and co-workers used BDD and Ti/IrO, electrodes
to oxidise urea.* They reported that toxic N,H, formed when
urea was oxidised with Ti/IrO,, whereas this by-product did not
form during electrochemical oxidation with BDD.

Here, we report synthesis of NH," from simplified artificial
urine by electrochemical oxidation of urea with a BDD electrode.
By positioning the BDD electrode and counter electrode in
different cells, oxidation and (undesired) reduction are completely
separated. In addition, the effect of introducing a mesoporous
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Fig. 1 Schematic of the experimental setup. When only electrochemical
treatment was conducted, the excimer lamp and TiO,/BDD photocatalyst
were removed beforehand.

TiO, photocatalyst during the oxidation process by BDD is
explored.

Experiments were conducted with an H-type cell consisting
of two glass cells, as described in our previous study.” One half
cell contained the BDD working electrode and the other con-
tained a Pt counter electrode. When the TiO, photocatalyst was
used together with the BDD electrode, a Kr-Br excimer lamp
producing 207 nm UV light (ORC Manufacturing Co., Ltd
(Machida, Tokyo, Japan)) and mesoporous TiO,/BDD photo-
catalyst were included in the system. The fabrication process of
the photocatalyst was described in our previous paper.® The
half cells were connected with a Nafion® NRE-212 membrane
(Sigma-Aldrich (St. Louis, MO, US)). A schematic of the experi-
mental setup is shown in Fig. 1.

Simplified artificial urine consists of urea and NaCl (main
sub component) in which the concentration of both matches
with actual urine (i.e., Urea solution (2 wt%) with 1 wt% NacCl
aqueous solution) was prepared and used as the test material.
The simplified artificial urea (50 mL) was poured into the glass
half cell with the BDD electrode, which is hereafter denoted
it as the reaction cell. The other half cell (i.e., the Pt electrode
side), which is hereafter denoted as the counter cell, was filled
with 1 wt% NacCl aqueous solution (50 mL). The BDD electrode
was positioned horizontally. A constant current of 75 mA
was applied to the BDD electrode to produce ROS by water
electrolysis. When the mesoporous TiO,/BDD photocatalyst was
used, 2.0 mW cm™> of 207 nm UV light from an excimer
lamp was irradiated onto the TiO,/BDD photocatalyst through
a quartz sample tube. The glass cell was capped with a silicone
rubber cap and Teflon tape to prevent evaporation during
the test. Aliquots of the urea solution (1 mL) for further
chemical analysis were collected several times during electro-
chemical treatment by opening the cap. The experiment was
conducted at room temperature. During the test, the urea
solution was constantly stirred. The concentrations of urea
and formed ions were estimated from high-performance liquid
chromatography (HPLC) and ion chromatography measure-
ments, respectively.
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Fig. 2 Time dependence of urea concentration during the electro-
chemical treatment estimated from HPLC measurements. C and Cq are
the remaining and initial urea concentrations, respectively. Sum of concen-
tration of nitrogen containing ions measured with ion chromatography is
also included.

First, electrochemical decomposition of urea using only the
BDD electrode was examined. Fig. 2 shows the time depen-
dence of urea concentration during the electrochemical treat-
ment. The urea concentration decreased monotonically with
lengthening treatment time and almost all the urea in the
solution was decomposed after 18 h. This result is consistent
with a previous study that showed complete removal of urea
was achieved by electrochemical oxidation using a BDD
electrode.? Nitrogen containing ions (ie., NH,', NO,  and
NO; ") derived from the decomposition of urea increased with
processing time until 12 h and then saturated. The detailed
explanation on each ions is described below.

Fig. 3 depicts the time dependence of ion concentrations
during the electrochemical treatment. It was found that NH,",
nitrite ions (NO,”) and NO;~ formed in the reaction cell
(Fig. 3(a)), confirming that urea was mineralised during electro-
chemical treatment. Previous studies reported that the oxidation
of urea was associated with hydroxyl radicals (OH*) electro-
generated at the BDD surface during the electrolysis at high
potentials in the oxygen evolution region® and OH® were
involved in the generation of NH,", NO,~ and NO;~ by oxidation
of intermediate species.”
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Fig. 3 Time dependence of ion concentration in (a) the reaction cell and
(b) the counter cell during the electrochemical treatment estimated from
ion chromatography measurements. Note that nitrite and nitrate ions were
not detected in the counter cell.
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Fig. 4 Time dependence of ion concentration in (a) the reaction cell and
(b) the counter cell during the electrochemical and photocatalytic treat-
ment estimated from ion chromatography measurements. The dotted line
in (b) indicates the ion concentration when only the electrochemical
treatment was conducted (i.e., Fig. 3(b)). Nitrite and nitrate ions were not
detected in the counter cell.

Park et al.® proposed a mechanism for the reaction between
urea and OH® (Scheme S1, ESIT). First, OH® attacks an amino
group (-NH,) to form a nitroso group (-N=—0). Then, OH* attacks
the -N—O0 group to form NH,CONO,. Hydrolysis of NH,CONO,
releases NO, ™ and its further oxidation by OH* forms NO;.° The
resulting carbamic acid, which mainly exists as a zwitterion,'® can
be oxidised in two different ways: one leads to the formation of
NH," and the other produces NO;~ via NO,~ oxidation.

We found that during electrochemical treatment, the NO, ™~
concentration in the reaction cell first increased and then
decreased until it reached zero, whereas the NO;~ concen-
tration kept increasing over time (Fig. 3(a)). These results
revealed the formation of NO,  as an intermediate and its
further oxidation to NO;~, which is consistent with the
proposed mineralisation mechanism of urea described above.
Compared with the concentrations of NO,” and NO; , more
NH," existed in the reaction cell (Fig. 3(a)), clarifying that the
formation of NH," from carbamic acid is strongly favoured over
the production of NO;~. With lengthening electrochemical
treatment time, the concentration of NH," in the reaction cell
first rapidly increased and then gradually decreased (Fig. 3(a)),
whereas that in the counter cell increased monotonically
(Fig. 3(b)). Because Pt electrode was negatively biased, the
NH," formed in the reaction cell was electrically guided to
the counter cell, where it accumulated.

Next, a mesoporous TiO,/BDD photocatalyst and Kr-Br
excimer lamp (4 = 207 nm) were introduced into the reaction
cell and both photocatalytic and electrochemical treatments
were conducted at the same time. The time dependence of urea
concentration with and without photocatalysis is shown in
Fig. S1 (ESIt). The measured urea concentration was almost
identical regardless of the presence or absence of photocatalyst,
indicating that the initial oxidation of urea is predominantly
induced by electrochemical reaction with BDD. However, the
time dependence of nitrogen containing ions differed when
photocatalyst was also used, implying that photocatalytic reac-
tion had an influence on mineralization process.

The photocatalyst clearly affected the distribution of formed
ions (Fig. 4). First, NO,”~ was not detected in the reaction cell
when the photocatalyst was used (Fig. 4(a)). This means that the
photocatalyst promoted the oxidation of the intermediate NO, ™~
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to NO; ™. In our previous study, we demonstrated that oxidation
ability was enhanced by using electrochemical treatment
together with photocatalysis because electrochemically formed
H,0, was reduced by electrons in the conduction band of TiO,
to form OH®.> The observed promotion of NO,  oxidation
suggests that the photocatalyst also enhanced OH® production
in this study. Although the concentration of NO;~ formed
decreased (Fig. 4(a)), the NH," accumulated in the counter cell
increased upon using the photocatalyst (Fig. 4(b)). Therefore,
the photocatalyst promoted the oxidation of carbamic acid to
NH," over that to NO; . Although the exact reason for the
enhanced selectivity using the photocatalyst is still unclear,
because one electron as well as one OH® is required for NH,"
production (Scheme S1, ESIY), the electrons in the conduction
band of the photocatalyst may play an important role.

In conclusion, we obtained valuable NH," from a simplified
artificial urine by electrochemical treatment. Because this
process can be conducted at ambient pressure and room
temperature, it shows potential as an energy-efficient NH;
fabrication process. It is hoped that this technique can be
applied to actual urine, which contains various inorganic/
organic components; initial studies are now underway.
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