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ARTICLE INFO ABSTRACT

Keywords: Urea is an essential molecule for life and the environment. In particular, in biological fluids, the urea concen-
Photoelectrochemical sensing tration can be indicative of several pathologies. Herein, we propose a photoelectrochemical system activated by
}S)ﬁlc'm i infrared irradiation (850 nm) for the detection of urea. Our sensor is made of a photoactive Si photoanode
otoanode . protected by a silicon oxide/Ni thin film and is coated with a Ni-Mo-O film that catalyzes the urea oxidation
Urea oxidation reaction . . . s P - .
Nickel reaction. This approach is employed for the sensitive quantification of urea, and the operation of the system in a
Urine wide range of concentrations (from pM to 10 mM) is demonstrated, revealing a sub-pM limit of detection. Sensing

is performed at a constant potential of 0.24 V vs Hg/HgO under infrared illumination, and the photocurrent
output depends on the urea concentration. This new device has good reliability for urea analysis in alkaline
aqueous solutions. The method is tested in the determination of the urea concentration in human urine samples,
and the results are compared with a reference enzymatic photochemistry assay. The method is promising for the

analysis of urine samples and can open new doors in biosensing and environmental analysis.

1. Introduction

As one of the major metabolic products of protein metabolism pro-
cesses in living organisms, urea is considered a primary source of
organic nitrogen in soils (David L. Nelson and Cox, 2021). It is used as a
fertilizer in agricultural production (Gooding and Davies, 1992) and also
as a raw material for the manufacturing of a myriad of products on an
industrial scale (Urbanczyk et al., 2016). Clearly, monitoring the con-
centration of urea is highly important for processes in agricultural
chemistry, food and pharmaceutical industries, and environmental
protection (Botewad et al., 2021; Pundir et al., 2019). On the other hand,
for mammals, the hepatic urea cycle is the main pathway to detoxify
ammonium, a toxic molecule resulting from amino acid catabolism,
generating urea that is eliminated from the body almost exclusively by
the kidneys via urine, allowing 80-90% of nitrogen expulsion. In this
context, urea quantification is an important indicator in biomedical and
clinic analysis to test renal and hepatic function. A high urea concen-
tration in urine may indicate excessive protein consumption or excessive
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protein processing in the body. Conversely, a low urinary concentration
may suggest severe malnutrition or a kidney malfunction (associated
with high blood concentration). Subsequently, an increase in the urea
level in the body can damage cells. A broad set of analytical methods,
based on chromatography, fluorimetry, colorimetry, and chem-
iluminescence have been used for urea sensing (Botewad et al., 2021;
Pundir et al., 2019). However, these methods are considered expensive
and time-consuming. Recently, electrochemical urea sensors have been
widely developed because of their remarkable advantages and practical
application such as small size, high sensitivity, high selectivity, low
detection limit, low fabrication cost, and portability (Liu et al., 2021;
Nguyen et al., 2016; Tyagi et al., 2013; Yoon et al., 2017). Most urea
sensing methods are based on enzymes, known to have a highly specific
binding and good catalytic activity (especially urease), that hydrolyzes
urea. However, enzymes are sensitive to temperature, humidity, and
chemical environment and their denaturation may result in sensor
instability. Non-enzymatic sensors that use inorganic catalysts for
reacting with urea could overcome such drawbacks. Among them,
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Ni-based electrodes have demonstrated excellent performance for the
electrocatalytic oxidation of molecules such as urea (Boggs et al., 2009)
and glucose (Mu et al., 2011; Yang et al., 2017).

On the other hand, the current developments in photo-
electrochemical (PEC) sensing promise high-level analytic devices
thanks to the combination of photochemistry and electrochemistry (Shu
and Tang, 2020; Wang et al., 2020; Zhao et al., 2018). PEC sensing al-
lows decoupling of the detection signal (current) with the excitation
(incident light), which can be beneficial for increasing the
signal-to-noise ratio thus the limit of detection with respect to electro-
chemical sensors. The PEC detection signal originates from the
photons-to-electrons conversion at a photoactive interface involving
generally a semiconductor photoelectrode. In a conventional PEC
analysis system, the external light is the excitation source, and the
photocurrent density is the output signal. Recently, TiO,-based surfaces
were employed for the PEC sensing of urea (Yang et al., 2020) and for
dialysate regeneration (Shao et al., 2019). The appearance of new ma-
terials and junctions, which possess special advantages in optical
properties and electrical conductivity, has opened new doors for the
development of PEC sensors (Li et al., 2021a; Saada et al., 2020; Shu
et al., 2018; Zhou et al., 2021). Specifically, electrodes based on Si can
be considered one of the best candidates for PEC application because, in
addition to Si’s ubiquity in current technological applications, it has a
suitable band structure, a narrow bandgap (1.1 eV) allowing high carrier
mobility, and a good absorption from the UV to the IR region. In contrast
with most PEC sensing devices based on UV or visible light, using IR
light can be seen as beneficial as it grants high capacity for deep tissue
penetration, minimal damage to biological species, and low spectral
interference (Li et al., 2022). However, a strong challenge in the use of Si
photoelectrodes resides in its low stability caused by corrosion, which is
particularly pronounced when used as a photoanode (Bae et al., 2017;
Sun et al., 2014). In the frame of solar energy research, progress has been
made in solving this challenge (Loget, 2019). Recently, our group re-
ported the preparation and the characterization of n-type Si (n-Si)-based
junctions comprising a protective and a catalytic coating that are active
toward urea for hours under simulated sunlight (Dabboussi et al., 2022).
In this paper, we investigate these photoanodes for a new application,
namely urea detection. We use IR illumination as an excitation source,
which differs from the previous use of these photoanodes, and we
perform proof-of-concept experiments to evaluate their potential utili-
zation in biomedical applications. This work constitutes the first step
towards the elaboration of Si-based photoelectrochemical sensors for
urea detection in several media.

2. Results and discussion

Oxide catalysts containing Ni and Mo are known to be highly active
for urea oxidation (Sha et al., 2020; Yu et al., 2018; Zhang et al., 2019), a
mechanism that is promising in the context of solar energy conversion
(Loget et al., 2019; Wang et al., 2012), and also for urea sensing, as
discussed in the following. Although it has been recently reported that
several reaction pathways exist for urea oxidation (Li et al., 2021b),
here, we only consider the urea oxidation reaction (UOR) written below
as Reaction 1.

(NH,),CO (aq) + 6 OH™ (aq) + 6 h™ = Nj (2) + 5 H,O (I) + CO; (2) (1)

Lately, our group reported the preparation and the characterization
of photoanodes based on the n-Si/SiOx/Ni metal-insulator-
semiconductor (MIS) architecture (Kenney et al., 2013; Loget et al.,
2019; Zhao et al., 2019), onto which an amorphous catalytic Ni-Mo-O
(NMO) coating is deposited (Dabboussi et al., 2022). The preparation
method, described in detail in Section S1 consists, in short, in first
depositing a Ni metal thin film onto Si/SiOx and then modifying
n-Si/SiOx/Ni with the NMO coating by a hydrothermal method followed
by an Ar annealing step. In this construct, depicted in Fig. 1a, SiOx/Ni
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grants protection to Si towards photocorrosion, Ni is the charge collector
and NMO is the catalytic coating for UOR (Dabboussi et al., 2022).

Scanning electron microscopy (SEM) images, shown in Fig. 1b and ¢
revealed that, after deposition, the NMO coating is an 80 nm-thick
porous layer covering the n-Si/SiOy/Ni surface. The Ni-to-Mo atomic
ratio, determined by EDS (Fig. S1) is 9, in good agreement with our
previous report (Dabboussi et al., 2022). As previously discussed by our
group in the context of UOR and by others in the context of alkaline
oxygen evolution reaction (OER) (Diirr et al., 2021; Liu et al., 2020), Mo
is a structuring agent which promotes the growth of the NMO coating
(Dabboussi et al., 2022) and the formation of a high density of Ni
(OH)2/NiOOH reactive sites for UOR by dissolving into the electrolyte.
This was confirmed by our EDS analysis as described in Section S2. For
simplicity’s sake, the n-Si/SiOx/Ni/NMO photoanode is referred to as
the Si photoanode in the rest of the article. The PEC experiments were
performed in a three-neck PEC cell, allowing for illuminating the Si
photoanode with an 850 nm IR light-emitting diode (LED), as described
in Section S1. The power of the LED is 10 mW cm 2 and the spectrum is
presented in Fig. S2. The electrolyte is a 10 mL solution of 1 M KOH and
the Si photoanode is illuminated from the catalyst side, as shown in
Fig. 1a. The cyclic voltammograms (CVs) shown in Fig. 1e demonstrate
the effects of the presence of urea and the illumination. Only negligible
current is measured in the dark (blue CV), while illumination promotes
the generation of higher currents. In the absence of urea (red CV), the
oxidation wave corresponds to the conversion of Ni(OH); in NiOOH
(peak at 0.13V, all potentials in this article are referred vs Hg/HgO (1 M
KOH)) (Hall et al., 2013; Medway et al., 2006) and the following in-
crease in photocurrent density is attributed to OER. In the presence of
urea, the photocurrent density at low overpotentials is much higher due
to the UOR (Reaction (1)), which occurs as soon as Ni(OH), is con-
verted into NiOOH, by an electrochemical-chemical (EC) mechanism
(Vedharathinam and Botte, 2013). These results are in good agreement
with that reported with a polychromatic illumination (Dabboussi et al.,
2022). The difference in CV characteristics, observed with and without
urea in Fig. 1le suggests that this photoanode can be employed for urea
sensing, which will be evaluated next.

PEC sensing was performed at a constant bias of 0.24 V (grey dotted
line in Fig. le). Fig. 2a presents a representative chronoamperogram
(CA) recorded during PEC sensing of urea. After equilibration of the
photocurrent density (j) to a jg value (inset of Fig. 2a) corresponding to
residual OER (0.28 mA cm’z), 100 pL of the urea stock solution was
sequentially injected into the cell and current was simultaneously
recorded. After injection, the electrolyte was rapidly homogenized by
stirring, which induced the large spikes due to an increased urea mass
transport to the electrode. The stabilized j corresponds to the steady-
state value for OER and UOR. As shown in Fig. 2a, j increased with
urea concentration. Concentrations above 10 mM were not studied as
they often led to a strong deviation from linearity, as shown in Fig. 2a.

Calibration curves, presented in Fig. 2b-e, were determined as the
UOR photocurrent density (j-jp) in four concentration ranges (1-10 pM,
10-100 pM, 0.1-1 mM, and 1-10 mM). These curves show a linear
response in all cases, with sensitivity values of 5009, 424.3, 90.5, and
70.4 mA cm 2 M~! and coefficients of determination R? > 0.97. As
shown in the inset of Fig. 2a, the method allowed us to easily measure a
concentration of 1 pM, and, according to the electrochemical noise level
during the measurement, we can estimate that a limit of detection (LOD,
S/N = 3) of 350 nM is reachable (Fig. S3). To the best of our knowledge,
this constitutes the first report on urea PEC sensing and, as shown in
Table S1, the LOD reported here is lower than several LOD previously
reported electrochemical sensors (Ahmad et al., 2014; Amin et al., 2019;
Ansari et al., 2015; Nguyen et al., 2016; Pan and Lin, 2009). As shown in
Fig. S4, The stability of the photoanode was assessed for ~2 h under
intermittent illumination and a constant concentration. Repeatability
experiments were performed with seven independently prepared Si
photoanodes, the relative standard deviations (RSD) measured in the
four concentration ranges are presented in Table S2.
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Fig. 1. a) Scheme showing a Si photoanode under IR illumination during urea
sensing. b) SEM cross-section view of a Si photoanode. ¢,d) SEM top views of Si
photoanodes, after preparation (c) and after urea sensing with urine samples
(d). e) CVs recorded with the Si photoanode in 1 M KOH under 850 nm illu-
mination without urea (red curve), with 0.1 M urea in the dark (blue curve),
and with 0.1 M urea under 850 nm illumination (green curve), the scan rate is
20 mV s~ L. The grey dotted line indicates the potential (0.24 V) that is used for
urea sensing. (For interpretation of the references to color in this figure legend,
Ehe reader is referred to the Web version of this article.)

To evaluate the possibility of using our Si photoanodes for relevant
samples, we tested our method for urea sensing with ten human urine
samples obtained from a hospital medical laboratory. To do so, the
calibration curve of a photoanode was first determined, then, the urine
samples were centrifuged to remove any aggregates before analysis and
then diluted by a 1 M KOH solution to reach a urea concentration in the
0.1-1 mM range. Fig. 3a shows the urea concentration obtained for each
sample by the PEC method (white bars) and that obtained by a reference
enzymatic colorimetric assay method (grey bars, details are provided in
Section S1). In Fig. 3b, the urea concentration measured by PEC sensing
is plotted as a function of that measured by the reference method, the
grey dashed curve represents the identity function (y = x) and the de-
viation from that curve indicates the reliability for a given sample. Even
if the population (n = 10) is too low to precisely determine the reliability
of our method, we can see that the PEC method was valid for 7 samples
and that 3 samples gave erroneous data (#1, #3, and #7). We postulate
that higher PEC values are obtained when a compound (or several) in
the sample is oxidized concomitantly with urea to produce a higher
overall j output (e.g., #1, #7). Conversely, in #3, the PEC value is lower
than the reference value, which can be attributed to the adsorption of
entities present in the biological sample onto the photoanode surface.
Finally, the surface of the Si photoanode used for the PEC sensing of urea
in urine was characterized by SEM and EDS, the results, presented in
Fig. 1d and Fig. S1, show that the catalytic coating was still present on
the surface after the sensing experiments.

3. Conclusion

In conclusion, silicon photoanodes comprising a protective SiOx/Ni
layer and a Ni-Mo-O catalytic coating have been developed for urea PEC
sensing under potentiostatic control with IR irradiation (850 nm). Our
study showed that this system grants four linear photocurrent responses
corresponding to four orders of magnitudes of urea concentration (1
pM-10 mM). The sensor can operate with good stability (Fig. S4), which
presents a challenge for Si-based photoanodes. Preliminary results sug-
gest that such photoanodes may be employed for the sensing of urea in
human urine and that progress can be further made by suppressing
undesired processes such as fouling or oxidation of interferents. The next
step would be to perform a systematic study with a larger number of
urine samples and to elucidate the interfering reactions and phenomena
detrimental to measurements in biological samples. In addition, this
system should be tested for urea sensing in more complex biological
matrices such as blood, sweat, and duodenal fluids. Benefitting from its
activity in the IR region, it could also be promising for urea sensing
through tissues.
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Fig. 2. a) Chronoamperogram recorded on a Si photoanode under 850 nm illumination in 1 M KOH with an increasing concentration of urea (from 1 pM to 0.1 M) at
an applied bias of 0.24 V. Inset: detail of 1-to-10 pM range. b-e) Calibration curves, presented as j-jo as a function of the urea concentration in different ranges. From 1
to 10 uM (b), from 10 to 100 pM (c), from 0.1 to 1 mM (d) and from 1 to 10 mM (e). The error bars equal two standard deviations (see Section S1 for more details), red
curves are linear fits. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 3. a) Urea concentration determined for ten
. human urine samples by the reference method (grey
, O bars) and by PEC sensing with the Si photoanode
(white bars). b) Plot of the urea concentration values
determined by photoelectrochemical sensing with the
Si photoanode as a function of that determined by the
O reference method. The grey dashed line represents
the identity function. The colors of the disks in 3b
correlate with sample # in 3a. (For interpretation of
the references to color in this figure legend, the
| reader is referred to the Web version of this article.)
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