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Highlights
e Urea conversion with Fe,O3/Ni photoelectrodes as substitute for N-removal in WWTPs
e Anodic photoelectrodeposition of NiIOOH on n-Fe,O; nanorods where h™ are collected
e Gain of 0.5V in urea oxidation onset potential with FTO/Ti-Fe,Os/Ni vs. Ni electrode
e In situ light transmission recorded during CV confirms urea oxidation as EC process
e Urea PEC conversion leads to N, O,, and NO; ; FE ~ 10-20% for N removal as N,
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Abstract

To reduce the energy cost and environmental impact of biological nitrogen removal in wastewater
treatment plants, it would be advantageous to treat urea contained in urine at the source. In this
perspective, FTO/Ti-Fe,O3; (nanorods) photoelectrodes decorated with Ni as catalyst are developed
and tested for urea photoelectrocatalytic oxidation under solar illumination. Gains up to 0.50 V in
oxidation onset potential vs. metallic Ni are obtained thanks to a Ni photoelectrodeposition method. In
situ transmission measurements (based on NIOOH light absorption) during electrochemical cycling
allowed to evaluate the state of active Ni sites and confirmed that urea oxidation mechanism is of EC
type. Photoelectrolyses give faradaic efficiencies of 10-18% and 9-35% for N, and O, formation,
respectively. A significant and unexpected NO,  production (~65%) is detected indicating another or
incomplete reaction pathway. The photoelectrocatalytic removal of nitrogen from urea solutions is

demonstrated but requires catalysts with higher selectivity towards N..
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1. Introduction

In wastewater treatment plants (WWTPs), the biological treatment used for nitrogen removal
nowadays faces a couple of challenges. On one hand, it is a large consumer of electricity, with up to
60% of the electrical consumption of a conventional WWTP [1]. In lle-de-France region, recent
operational data from the Greater Paris Sanitation Authority (SIAAP) show that it is the first energy
item with 30% of the total electrical consumption of Seine Aval WWTP (260 GWh, 6 M inhabitants)
[2].

The main source of nitrogen received in WWTPs is urea contained in urine (80%). Relocating
part of the nitrogen treatment would reduce the economic and ecological footprint (by reducing the
production of N,O) and partially meet the challenges of growing demography. Alternative elimination
processes based on selective urine collection and electrooxidation [3],[4],[5].[6] or
photoelectrooxidation of urea have been proposed following the first works of G. Botte et al. in 2009
[7]. Remediation of urea at the photoanode is coupled to H, production at the cathode, in an alkaline

medium, according to the following reaction:

CO(N H2)2 + HZO + Esolar (hV) + Eelectrochemical (AV) —> COZ + N2 + 3 H2 (Rl)

This reaction must be carried out using a nickel-based electrocatalyst (Ni(OH),) and in an
alkaline medium. In theory, it allows the elimination of nitrogen from the solution (urine) in the form
of N, (gas without greenhouse effect). Furthermore, the production of H, from R1 theoretically
requires three times less energy than from water electrolysis (thermodynamic cell voltage of 0.37 Vryue
vS. 1.23 Vgye, respectively) [7]. The vast untapped resource of urea in urine (60 Mt/year in humans)
thus makes the R1 reaction very attractive, both to avoid the energy and environmental cost of
biological treatment in WWTPs, and to produce H, potentially more efficiently than by electrolysis of
water.

To our knowledge, only a few works have been devoted to the photoelectrooxidation of urea, as
reported by Zhu et al. in a recent review [8]. The main interest is to use solar energy to decrease the
oxidation potential of urea due to the photopotential generated in a semiconductor (n-type) under
illumination [9-12]. In these studies, hematite is commonly chosen as it offers highly suitable
characteristics: it is inexpensive to synthesize, non-toxic and stable at high pH, which is a prerequisite
because the only effective catalysts for urea oxidation are based on the Ni(OH),/NiOOH couple which
only works at high pH. Moreover, hematite is naturally n-type and absorbs light in the visible range
(Eg ~ 2.1 eV), giving a theoretical maximum photocurrent of 12 mA cm? under AML.5 solar
illumination [13]. Lastly, there is a hydrothermal method for the synthesis of hematite nanowires well
adapted for photoelectrochemistry [14], which has given rise to an abundant literature [15,16].

Wang et al. were the first to propose the formation of H, by photoelectrooxidation of urea and
urine under solar illumination. They studied in an alkaline medium TiO, and Fe,O; electrodes on
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which Ni(OH), is deposited by a dip-coating method [9]. They showed a decrease in the oxidation
potential of urea with hematite from 1.36 Vrye in the dark to 0.91 Vgye under solar illumination. After
the addition of Ni(OH), as a catalyst, the onset potential is further shifted from -400 mV (0.51 Vrye)
and the photocurrent increases substantially to ~1.5 mA cm? at 1.23 Vgye. They also showed that
voltammograms obtained in urine are similar to those obtained in urea solutions.

Xu et al. [10] obtained by hydrothermal synthesis, titanium-doped hematite (Ti-Fe,Os)
nanowires which are decorated with Ni(OH), by cathodic electrodeposition in an aqueous Ni(NO3),
solution. They studied the influence of the electrodeposition time on the photoelectrochemical
performances and showed that the presence of the catalyst (optimized in thickness) induced a shift of
~ -100 mV in the voltammograms, with a onset potential of urea oxidation at 0.7 Vgrue under
illumination against 1.35 Vgne for urea electrolysis (without photo assistance), representing a gain of
0.65 V. Accordingly, the photocurrent (at 1.3 Vgye) increases from ~0.3 mA cm? (Ti-Fe,O; alone) to
~1.6 mA cm? after adding Ni(OH),.

More recently, Gan et al. [12] measured a photocurrent of 5 mA cm? in a urea solution and
7.5 mA cm? in human urine, using arrays of Co-doped Fe,O; nanowires deposited on flexible support
and functionalized by Au nanoparticles. Ni(OH), is deposited using a dip-coating method. Au and
Ni(OH), eventually act as plasmonic nanostructures. They obtained a continuous H, release at the
cathode under low polarization (1.23 Vgue).

The efficiency of coupling Fe,O; and Ni catalysts is crucial in these systems. It depends on the
deposition method, the initially deposited species (Ni°, Ni(OH),), the thickness, the coverage rate of
nanowires, and the defects present at the interface (recombination). In this work, we explored two
alternative methods: Ni° sputtering and NiOOH anodic photoelectrodeposition, which have been
recently studied with Fe,O; for the photoelectrooxidation of water. Sputtering is a physical method
that is simple to implement and allows to obtain deposits of controlled thickness [17,18]. The anodic
photoelectrodeposition is particularly well adapted to an n-type semiconductor [19-21], it is expected
to occur where the charges (h*) are generated and collected along the nanowires.

We studied the properties of Fe,Os/Ni photoanodes for the photoelectrooxidation of water and
urea and tried to clarify the proportion of these two competing reactions. We also attempted to
determine whether the photopotential induced under illumination indeed allows the oxidation of
Ni(OH), to NiIOOH at lower potentials, which is the basis of the accepted EC mechanism for the
electrooxidation of urea on Ni [22]:

Ni"(OH), + OH  => Ni""OOH + H,0 + ¢ (E)
CO(NH,), + 6 NiIOOH + H,0 - 6 Ni(OH), + N, + CO, (C)

For this purpose, we performed in situ light transmittance measurements taking advantage of the
differences in optical absorption of Ni(OH), and NiOOH in the visible spectrum.
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Lastly, previous studies reported in the literature were focused on the production of hydrogen at
the cathode, the anodic reaction mechanism being usually assumed to be R1, i.e., without analysis of
the products formed. Our primary goal being the removal of nitrogen from the liquid phase (preferably
in N, gas), we sought to determine the gaseous as well as the dissolved products of the reaction and to

calculate a faradaic efficiency for each product after photoelectrolyses of several hours.

2. Methods and Materials
2.1 Elaboration of photoelectrodes

Fe,0; films are deposited by a hydrothermal method on the FTO substrates (Fluorine doped Tin
Oxide) provided by Visiontech-Systems (FTO Glass Tech?7, 600 nm thick FTO layer on 2 mm thick
glass substrate, 7 ohms/square, 1.8 cm x 5.0 cm). Glass/FTO substrates are first cleaned by sonication
for 10 min in water + soap, then for 10 min in ethanol and 10 min in acetone. This procedure is
repeated a second time and the substrates are eventually sonicated in deionized water for 20 min.
Afterward, Fe,O; is deposited on the substrates according to a hydrothermal method inspired from
Chen and Chen’s work [23]. The glass/FTO substrates are immerged in a PTFE container filled with
25 mL of water (18 Mohm.cm, Millipore), 0.05 mol L* FeCl; (VWR, 99.3%), 0.50 mol L* of NaNO;
(Merck, 99.5%) and 50 pL of HCI (VWR, 37 %). The container is placed in an oven and heated at
100°C for 6 hours. The obtained iron oxyhydroxide (FeOOH) is then annealed at 550°C for 1 hour and
800°C for 20 min (ramp rate of 4°C mint) to form Fe,O; (2FeOOH — Fe,0;+ H,0).

The samples are doped with titanium by adding TiCl, (Merck, liquid, 97%) in the hydrothermal
synthesis solution at a concentration of 0.5 %, [23]. These samples are referred to as Ti-Fe,0s.

An active surface of 4 cm? is delimited with an electrolytic tape for further electrochemical
studies or treatments.

2.2 Nickel deposition

Two methods have been used to deposit Ni in the metallic or oxidized state on hematite,
respectively by sputtering or by photoelectrochemical (PEC) anodic deposition.

In the first case, Ni° deposition is performed with a Cressington 208 HR sputter, at 0.3 bar argon
pressure and 60 mA, using a @57 mm nickel target (99.98%, Ted Pella, Inc). The thickness of the
layer is monitored by a quartz crystal microbalance.

In the second case, a photoelectrodeposition method inspired by Tamirat [21] and Malara [20] is
applied to obtain NiIOOH according to the anodic reaction with h* photogenerated in Ti-Fe,Os:

N#i?* g + h* + 3 OH — NIiOOH + H,0

FTO/Ti-Fe,O; samples are immersed in 100 mL of an aqueous solution containing 10 mmol L*
NiSO,.6 H,O (Alfa Aesar, 98%) and 30 mmol Lt (NH,),SO, (VWR, 99.5%). The pH is adjusted to 9
by adding ammonia to the solution [24]. The coating was performed under AM1.5G solar illumination
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by chronoamperometry at 1.23 Vrye, the amount deposited being controlled by the charge transferred.
A voltammogram and a chronoamperogram corresponding to the coating process are presented in
Figure S1 in the Supplementary Information (SI).

The photoelectrodes are electrochemically cycled several times ina 1 mol L* NaOH solution to
obtain a stable intensity of Ni(OH),/NIOOH peaks (see Figure S2 in Sl). The electrodes are referred to
as FTO/Ti-Fe,04/Nisp and FTO/Ti-Fe,O3/Nirec depending on the type of deposition method.

We tested different amounts of Ni deposit by both methods. The optimum in terms of
photoelectrochemical response for urea oxidation is 2 nm for sputtering and 8.75 mC c¢cm for PEC
deposition, as shown in Figures S3 and S4 in SI.

2.3 Physical characterization

Structural characterization was performed by X-ray diffraction (XRD) using a Bruker D8
Advanced diffractometer (Cu K radiation). The morphology of the Ti-Fe,O; layers was observed by
scanning electron microscopy (SEM) with a Zeiss Merlin FEG microscope equipped with an InLens
detector, at an accelerating voltage of 5-15 kV. Energy-dispersive X-ray spectroscopy used to identify
elements was performed with an AZtec EDS Advanced system (HKL Nordlys Nano, Oxford
Instruments), equipped with an X-Max SDD detector and at an accelerating voltage of 10-15 kV.

2.4 Optical properties

Optical measurements were performed using a Hitachi U-41000 spectrophotometer,
incorporating two light sources: a deuterium lamp in the UV (100 - 400 nm) and a halogen lamp in the
visible/near IR (400 - 850 nm). Using an integrating sphere, the total transmittance T and reflectance R

are measured vs. wavelength A. The absorptance spectrum A is calculated accordingto A=1-T-R.

2.5 Photoelectrochemical analytical studies

Photoelectrochemical measurements were performed with a conventional 3-electrode cell
connected to a Metrohm Autolab PGSTAT 204 potentiostat. The working electrodes FTO/Ti
Fe,Os/"Ni" are described in paragraphs 2.1 and 2.2. The counter electrode is a platinum wire. The
reference electrode is an Ag/AQCI electrode. All electrolyte solutions are prepared from analytical
grade NaOH (VWR, 98.6%) and urea (VWR, 99.8%).

The electrolyte is an aqueous solution of NaOH at 1 mol L (pH = 13.6), with or without urea at
0.33 mol L. Voltammetric curves were established at 10 mV s*. They are presented with the
potentials given according to the reversible hydrogen electrode (RHE), after conversion according to:

E (V vs. RHE) = E (V vs. Ag/AgCl) + 0.208 + 0.059 pH

The measurements under illumination were performed using a Newport LSH7320 solar

simulator delivering AM 1.5G light with a power of 1000 W mr2.

2.6 Photoelectrolysis

The photoelectrochemical device used for photoelectrolysis is described in Figure S5 in SI.
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Gas chromatography. To collect the gases produced during the photoelectrooxidation of urea
and water (N, and O,, respectively), an in situ gas collection device in the anode compartment has
been set up, which is directly connected to the gas chromatograph to avoid contamination by air (see
Figure S5). A MicroGas CP-4900 chromatograph from Varian was used, equipped with a 5A CP-
Molsieve column (10 m) under argon and a moisture filter.

lonic chromatography. A Dionex ICS-5000+ System chromatograph (Thermo Scientific) was
employed with lonPac TM AS19 4 pm (2 x 250 mm, 0.25 mL min') and lonPac CS16 4 pm
(5 x 500 mm, 1 mL min?) columns for anions and cations, respectively. High purity hydroxide eluents
for gradient runs were obtained using an electrolytic eluent generator and methanesulfonic acid (30
mM) eluent for isocratic runs were prepared manually.

Urea determination. Urea removal rates were determined by optical absorption using

Megazymes enzyme assay kits and a Hitachi U-41000 spectrometer.

2.7 In situ spectrophotometric measurements

A silicon photodiode (Hamamatsu) placed behind the photoelectrode and the
photoelectrochemical cell (see diagram in Figure S6 in Sl) is used to measure a photocurrent
proportional to the transmittance, which is recorded by the potentiostat simultaneously with the cyclic
voltammetry. The spectral range of silicon extends significantly beyond that of hematite (1100 nm vs.
590 nm). The photodiode signal, therefore, corresponds mainly to photons with wavelengths between
590 nm and 1100 nm, with a variation of about 10% depending on the state of the nickel in the
deposited layer, i.e. Ni(OH), or NiIOOH.

3. Results and discussion

3.1 Morphology and optical properties of photoanodes FTO/Ti-Fe;O3/Ni

Plane view and cross-section images of FTO/Ti-Fe,O; samples are shown in Figure 1, before
(A) and after Ni deposition by sputtering (2 nm, B) and NiOOH PEC deposition (17.5 mC cm?, C),
followed by electrochemical cycling in NaOH 1 mol L.

The hematite film on the surface of the FTO layer appears as agglomerates of nanorods with an
average height of ~ 400 nm and width of ~ 150 nm (Figure 1A). These agglomerates are spaced by 50-
100 nm wide trenches, at which the FTO substrate can be observed (circle and red arrow).

The visible roughness at the top of the nanorods corresponds to the deposition of Ni (Figure
1B-C). In the plan view, we see that they are sheets oriented perpendicularly to the surface, typical of
Ni(OH),/NIiOOH. In the case of sputtering deposition (Figure 1B), Ni is sometimes present down to
the base of nanorods, which is made possible by the presence of trenches. It is therefore likely that Ni
is also deposited on the FTO layer in these areas. In the case of NiOOH deposition by PED, the cross-
section (Figure 1C) shows that Nisec is found only at the top of the nanorods, with a clear stop at mid-

height (see Figure S7 in Sl for a lower magnification view).
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Figure 2 shows the absorptance of FTO/Ti-Fe,O; samples before and after Ni coverage by
sputtering (2 nm, A) and by PEC deposition (8.75 mC cm?, B).

The sputtering deposition of 2 nm Ni results in almost identical optical properties to the initial
Ti-Fe,0; layer on the useful part of the spectrum for hematite (350-590 nm). In the case of PEC
deposition, a slight decrease in absorptance at short wavelengths is observed which is due to a higher
reflectivity.

The fact that the absorptance remains important (from 55 to 30%) at wavelengths above 590 nm
is related to the combination of several factors: the existence of electronic transitions in Ti-Fe,04
corresponding to an indirect bandgap of 1.9 eV, the existence of states in its bandgap related to surface
defects [25] and the absorption by free carriers of the highly doped FTO layer (F-SnO,).

From these spectra, the maximum photocurrent densities achievable under AM1.5G solar
illumination (i.e., with QE = 1 between 350 and 590 nm), are theoretically 10.7 and 10.8 mA cm for
the samples with sputtered Ni and PEC deposited NiOOH, respectively. This is lower than the
theoretical maximum photocurrent of 12.5 mA cm for Fe,0;, mainly because of reflection losses.

3.2 Photoelectrochemical properties of FTO/Ti-Fe,O3/Ni
3.2.1 Sputtered Ni

Voltammograms of a Ti-Fe,O; photoelectrode measured in the dark and under solar
illumination in a 1 mol L* NaOH solution (dashed and solid blue curves, respectively) are presented in
Figure 3A.

In the dark, Ti-Fe,O3 gives no anodic current up to 1.75 Vrye (blue dashed curve), in agreement
with the absence of h+ as majority carriers in n-type hematite. The increase in current from 1.75 Vgue
is attributed to the oxidation of water on FTO.

After depositing Nise (2 nm), a couple of anodic and cathodic peaks are observed in the dark at
1.48 and 1.33 Vgye (red dashed curve) which corresponds to the Ni'"(OH),/Ni""OOH system. These
signals are stable after the five cycles required for the development of these species on the surface (see
Figure S2 in SI). Considering the blocking character of n-type Ti-Fe,O; and the potential of the peaks,
these signals correspond to Ni deposited on FTO areas between the Ti-Fe,O3; nanorods (cf. circle and
red arrow of Figure 1A, and EDX analysis Figure S8 in Sl).

Under illumination, the photocurrent for water oxidation on Ti-Fe,O; starts at 0.95 Vgye, With a
pseudo-plateau from 1.30 Vrye and beyond. The addition of Ni (red curve) does not lead to any gain in
the photocurrent onset potential, whereas NiIOOH normally plays the role of catalyst for water
oxidation, as it has been previously reported in electrochemistry [26] or photoelectrochemistry,
especially on Fe,O; [20]. There is though a small oxidation/reduction signal at the onset of
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photocurrent. Moreover, we note that the signal from the Ni(OH),/NiOOH couple present in the dark
(FTO/Nisp) adds to the photocurrent. More importantly, the addition of Nisp results in a decrease of the
photocurrent by a factor of 2, despite the assumed catalytic effect of NIOOH already mentioned.

The photocurrent values determined at 1.23 Vgye and 1.40 Vrye (i.e. before the Ni signal on
FTO) are reported in the table of Figure 3.

Figure 3B allows to observe the effect of urea on the response of Ti-Fe,O3/Nisp. In the dark and
in presence of urea, the anodic current increases very strongly from 1.35 Ve due to the oxidation of
urea at FTO/Nisp areas. Under illumination, the photocurrent appears at a potential ~ 100 mV more
negative with urea than in NaOH and is ~ 50% more intense at 1.23 Vgye. From the table of Figure 3,
we notice that the photocurrent is always lower than that obtained for Ti-Fe,O5; without Ni (0.35 vs.

0.45 mA cm? at 1.23 Vrue), despite the expected catalytic effect of Ni on urea oxidation [20].

3.2.2 Photoelectrodeposited NiOOH

Figure 4A shows voltammograms of a Ti-Fe,O; sample before and after NiOOH PEC
deposition (8.75 mC cm?, Nirec) in NaOH (A) and NaOH + urea (B), respectively.

The voltammograms of Ti-Fe,O; in NaOH measured in the dark and under illumination are
similar to those described for sputtered Ni (Figure 3A). After depositing NIOOH, Ti-Fe;O3/Nipgc
appears to block current in the dark, without any parasitic peaks from FTO/Ni. Under illumination, the
Ni(OH),/NiIOOH peaks are centered at 0.90 Vgye. This potential is much lower than that for a
conventional Ni electrode (1.40 Vrye), i.€., it represents a potential gain of 0.5 V. The presence of
Nirec results in a photocurrent onset potential shift of -50 mV compared to Ti-Fe,O; (Figure 4A), with
a ~10% higher photocurrent pseudo-plateau (values listed in the table of Figure 4).

In NaOH + urea and in the dark (Figure 4B), a small peak appears at 1.55 Vrye, probably
related to a very small amount of Ni deposited on FTO, of which the signal in NaOH is even not
distinguishable.

Under illumination, the photocurrent starts from the Ni(OH), oxidation peak (0.7 Vrue) and is
higher than the photocurrent measured in the presence of NaOH only (Figure 4A). This could suggest
that at least 10-20% of the photocurrent is related to urea oxidation.

Figure 4C compares the voltammograms of the two types of Ni deposition under the conditions
expected for the application, i.e., NaOH 1 mol L* with 0.33 mol L of urea (similar to that in urine).
The PEC deposition appears to be more efficient than the sputtering deposition, with (i) the absence of
parasitic peaks due to the selectivity of deposition on Ti-Fe,O;, (i) active Ni sites twice more
important, and finally beneficial potential shift on the photoelectrochemical response by -200 mV.
3.2.3 Insitu transmittance measurements

Cyclic voltammetry cannot provide more information about the catalytic mechanisms involved
in the oxidation of water and urea at the active Ni sites. The electrochromic properties of
Ni(OH)./NIOOH are already well known [27,28] and the fact that NiOOH absorbs visible light, while

Ni(OH), is transparent, offers the possibility to evaluate the proportions of these two forms during

8
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photoelectrocatalysis by considering that the transmittance depends on the surface concentration of
NiOOH according to the Beer-Lambert-Bouguer law. In situ transmittance measurements were
performed during cyclic voltammetry under different urea concentrations for samples with Ni
deposited either by sputtering or by PED.

Sputtered Ni. Figure 5 shows voltammograms and transmittance measurements obtained with
Ti-Fe,0s/Nisp (A and B, respectively). The transmittance is normalized to 1 at the equilibrium
potential, ~ 0.8 Vrye, i.€., when Ni(OH), (transparent) is predominant.

In the absence of urea and when the photoelectrode is swept anodically (red curve), Ni(OH), is
converted to NiIOOH with consequently a transmittance that decreases and tends to a minimum value
(red curve, 1.8 Vgue). This evolution is marked by two successive drops, one starting at 0.85 Vg, the
other at 1.40 Vrye. Comparing with the voltammograms of Figure 5A, the first one must correspond to
Nisp deposited on Ti-Fe,O; nanorods, the second one to Nisp deposited on FTO.

On the reverse sweep (i.e., to cathodic potentials), the transmittance describes a quasi-plateau,
then increases due to the reduction of NiOOH to Ni(OH)s,, first on FTO, then on Ti-Fe,0s.

When urea is added at 10, 50, 100, 150, and 300 mmol L, the minimum in transmittance,
measured at ~1.85 Vrye, increases relative to NaOH alone, in proportion to the urea concentration.
The transmittance corresponding specifically to Ti-Fe,O3/Nisp (not FTO/Nisp) is highlighted in Figure
5B by a dashed line at 1.27 Vgye.

The increase in transmittance reveals a decrease in the number of NiOOH sites, which agrees
with an EC process (Electrochemical reaction followed by a Chemical reaction). Indeed, if the
mechanism was direct (electrochemical oxidation of urea on NiOOH), there would be no influence of
the urea concentration on the transmittance. This EC mechanism was proposed by Vedharathinam and
Botte based on Raman spectroscopy studies [29]. It is directly confirmed by these UV-Vis in situ
transmittance measurements and for the first time in a photoelectrochemical process.

PEC deposited NiOOH. Figure 6 shows the voltammograms and transmittance measurements
obtained with Ti-Fe,O3/Nisec (A and B, respectively).

In the absence of urea, the transmittance starts to drop at ~ 0.75 Vrue, Which corresponds to the
onset of photocurrent. Contrary to the sputtering case, only one step is observed since
photoelectrodeposition takes place almost exclusively on Ti-Fe,O; nanorods. The sharp increase in
photocurrent from 1.60 Vgye is not associated with a change of transmittance since it corresponds to
the oxidation of water.

The backward scan gives a stable transmittance plateau for which 100% of the active Ni sites
are in the NiOOH state. The dashed line at 1.27 Ve is used to compare the transmittance value with
that obtained for sputtered Ni (0 mmol L, Figure 5B). The decrease in transmittance with Nipgc is
8.6% (a. v.) vs. 4.1% (a. v.) with Nisp. This means that there are twice as many active NiOOH sites at
this potential with PEC deposition.
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This result is confirmed by a deposition study performed directly on bare FTO. From
voltammograms recorded in 1 mol L* NaOH (Figure S9), the amount of active Ni sites, calculated
from the oxidation peak of Ni(OH), to NiOOH, is 1.65 times higher by PEC deposition than by
sputtering (28 nanomoles cm? for a PEC deposition of 8.75 mC c¢cm? and 17 nanomoles cm? for a

sputtering deposit of 2 nm).

Between 0 and 50 mmol L* of urea, the maximum transmittance (at 1.27 Vrye) varies linearly
with the concentration. Kinetics are mainly controlled by the diffusion of urea to the surface. From 50
to 300 mmol L, the decrease in transmittance saturates, implying that it is the catalytic process that
limits the kinetics. It may be assumed that the sites are blocked in the reduced Ni(OH), state for some
time due to adsorbed reaction intermediates preventing their oxidation to NiOOH. At 300 mmol L™ of
urea, the decrease in transmittance is three times smaller than without urea (-3.0 % vs. -8.6 %,
respectively). If we assume that all active Ni sites are engaged in a catalytic cycle between the two
states, it implies that at any moment there is about 1/3 of the active sites that are in the NiOOH state,
meaning that the rate of electrochemical oxidation is twice as small as the rate of chemical reduction

by urea.

3.24 Discussion

The results of photoelectrochemistry and in situ transmittance measurements show a significant
difference between the two methods of Ni deposition.

The oxidation/reduction peaks of the Ni(OH),/NiIOOH are shifted in both cases from 1.40 to
0.9 Vrye under illumination, due to the h* photogenerated in the valence band of Ti-Fe,0s, i.e., at
more positive potentials than the potential of the electrode. They are however hardly visible in the Ni-
sputtering case, and on the contrary very apparent in the NiOOH PEC deposition method. Such a shift
has already been reported for the electrochemical deposition of NiOOH on hematite [30], or the ALD
deposition of NiO on hematite [31] in studies on solar water splitting (OER).

Other methods of Ni deposition on hematite have been used in urea oxidation studies, such as
dip coating [9,12] or cathodic electrodeposition [10]. However, a comparison with the present study
regarding the position of Ni(OH),/NIOOH peaks is not possible because voltammograms in NaOH
without urea, on which these peaks are visible, are not reported.

In the case of sputtering, a strong decrease of the photocurrent in NaOH is observed after
deposition. The in-situ transmittance measurements show that it is not due to a decrease in the light
transmitted through the Ni layer. For example, at 1.27 Vgye in NaOH, the photocurrent drops by 50%
(see Figure 3A) while the transmittance decreases by only 4% (see Figure 5B). This is confirmed by
the measurement of the specific absorption spectrum of a NIOOH film formed under anodic
polarization in NaOH (see Figure S10 in SI), which is found to be between 5% at 590 nm and 10% at
400 nm.
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The most likely explanation is that sputtering creates defects at the Ti-Fe,Oa/Nigp interface that
led to significant recombination of photogenerated h* in Ti-Fe,Os, as is often observed for sputtered
metals on semiconductors.

In the case of PEC deposited Ni, photoelectrooxidation of water on Ti-Fe,O3/Nisec appears to
begin as early as 0.68 Vgue vS. 0.85 Vgue on bulk Ti-Fe,O;. However, Young and Hamann, who
obtained the same type of results with NiO deposits, were able to show by current transient
measurements that the peak corresponds to the oxidation of Ni(OH), only, not to the HER [31]. In our
case, we similarly observe that the photocurrent at the oxidation peak of Ni(OH), in NaOH (i.e.,
between 0.7 and 0.9 Vgqe) is not amplified upon addition of urea (Figure 4B). therefore, urea
oxidation really starts at 0.9 Vrye, Which is consistent with the fact that the decrease in transmittance is
affected by urea addition only above 0.9 Vrye (Figure 6B).

On Ni electrodes, it is typical to obtain a current amplification factor of ~8 between the urea
oxidation peak (at 0.3 mol L?) and the Ni(OH), oxidation peak [32]. In the case of
FTO/Ti-Fe,O3/Nipec  under solar illumination, the amplification factor of the photocurrent
(pseudo-plateau) reaches ~1.2 at best. This discrepancy shows that the system is mainly limited by the

collection of photogenerated h* charges in hematite and/or by their recombination at the interface.

3.3 Urea electrolysis

To determine the faradaic efficiencies of the competing water and urea photoelectrooxidation
reactions, we performed quantitative photoelectrolysis of urea on FTO/ Ti-Fe,Os/Ni-gc electrodes.

Firstly, urea was determined before and after electrolysis to calculate the abatement rate. To
obtain significant concentration differences, the starting solution (1 mol L* of NaOH) contained
0.012 mol L* of urea which is 30 times lower than the classical concentration of urea in urine
(~0.3 mol L1). Two photoelectrolysis were conducted with a Ti-Fe,Os/Nirec photoelectrode (8.75 mC
cm?) at 1.51 Ve for 6 hours under AM1.5G (constant temperature of 23°C). Abatement rates of 40
and 38 + 7% were measured, demonstrating the activity of photoelectrodes towards in urea oxidation.
No decrease in urea concentration was observed in a control experiment at zero current under the same
illumination conditions (6 hours under 1000 W m2, AM1.5G, 23°C), indicating that urea does not
spontaneously decompose under prolonged solar illumination (in NaOH 1 mol L1).

Secondly, to quantify the reaction products, four electrolysis were conducted with FTO/Ti-
Fe,O3/Nirec photoelectrodes (8.75 mC cm2) under solar illumination for 4 h in a solution of 1 mol L*
NaOH and 0.33 mol L* urea. The applied potential was 1.51 Vgue, which corresponds to the
photocurrent pseudo-plateau (see Figure 6A). The GC revealed the presence of N, and O, as well as
traces of H,. For one of the electrolysis, the solution was also analyzed by ion chromatography (IC).

The IC showed the presence of NO, (and traces of cyanates (CNO") already present in the initial
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solution). The faradaic efficiency for each product (N, O,, NO,) was calculated from the quantities

formed. The results are given in Table 1.

Table 1. Faradaic yields of products formed in the gas and liquid phase during four photoelectrolysis
with FTO/Ti-Fe,03/Nipec of a 0.33 mol L urea solution in 1 mol L™ NaOH at 1.51 Vgye during 4 h.

electrolysis 0 N2 NO» X (calculated charges)
Total calculated . calculated . calculated . [Total charge
yield yield yield (%)
charge charge (%) charge (%) charge (%)
(9 (€) (9 (9
E1l 23.2 3.1 13.3 2.3 10.0 / / 23.2
E2 253 8.9 35.0 2.8 111 / / 46.3
E3 25.0 23 9.3 4.4 17.6 / / 26.8
E4 27.2 4.0 14.8 4.7 17.3 17.4 64.9 96.0
Average | 752+2 | 46:4 |181:12| 36+1 | 1404 / / /

It is observed that the yield of N, formation is relatively low, reaching at best 17.6 %. At the
same time, the evolution of O, is not negligible, with a yield varying between 9 and 35 %. In total, the
formation of these two species represents only 23 to 46 % of the charge transferred. In the case of
electrolysis E4 where the ionic species formed in solution were measured, most of this charge is
related to the formation of nitrites (65%). N,, O, and nitrites account for 96% of the past charge. This
is in good agreement with results obtained for conventional electrocatalysis of urea solutions on Ni
plates, where the faradaic efficiency for nitrite is measured at ~60% (unpublished results). Recently, Li
et al. have reported for the first time the formation of nitrites during urea electrolysis on Ni foam
electrodes with faradaic efficiencies up to 80% [33].

Eventually, it appears that ~80% of the charges are involved in the oxidation of urea (to N, and
NO;), a conclusion that could not be drawn from the comparison between voltammograms measured
in NaOH and in urea (Figure 4B).

Based on these results, which are reported for the first time in terms of the balance of
electrolysis products formed by photoelectrooxidation of urea, we demonstrate that
photoelectrocatalysis of urea on hematite with a nickel (Ni(OH),/NiOOH) catalyst can effectively
oxidize urea to N,. The yield is modest (10-18%) but it is a starting point without any particular
optimization of the photoelectrolysis conditions (applied potential, stirring, etc.). From the point of
view of a pollution control application where the aim is to remove nitrogen (in particular in the form
of an inert gas like N,) before treatment in a WWTP, the important part of nitrite formed, a soluble
product which remains in solution, is a problem which requires a strong improvement of the
selectivity, either by finding more favorable electrolysis conditions (e.g., adjustment of the potential,
pulsed electrolysis), or by modifying the catalyst (e.g., increasing the active surface, adding a co-
element to Ni). The interest of the Ti-Fe,Os/Nirec photoelectrodes developed in this work lies in the -

500 mV gain in potential under solar illumination that they allow compared to a metallic Ni electrode.
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4. Conclusion

The performances of FTO/Ti-Fe,O; photoelectrodes decorated with sputter-deposited Ni or
photoelectrodeposited NiOOH towards the photoelectrooxidation of urea under solar illumination has
been studied. For thickness optimized deposition, it appears that PEC deposition is more efficient than
sputtering deposition. The latter suffers from recombination at the interface (photocurrent reduced by a
factor of 2) and by a lower number of active Ni sites, as in situ transmittance measurements have
shown. Ni PEC deposited on FTO/Ti-Fe, 03 gives a couple of Ni(OH),/NiOOH peaks centered at 0.90
Vrhe, @ potential gain of 0.50 V compared to a conventional Ni metal electrode under the same
conditions (1.40 Vgye).

In situ transmission measurements confirmed that the mechanism of urea oxidation is EC. At
300 mmol Lt urea under 1.27 Vgye, it appears that 2/3 of the Ni sites are in the Ni(OH), state and 1/3
in the NiIOOH state, i.e., the lifetime of Ni(OH), is twice longer than NiOOH. This technique will be
developed to access kinetic and catalytic constants.

Quantitative photoelectrolysis was carried out and gave faradaic efficiencies ranging from 10 to
18% for N, and 9 to 35% for O,. The remaining passed charges are involved in significant nitrite
production (~ 65%), which points to the existence of another reaction pathway than the one leading to
N, (R1). In the end, photoelectrooxidation of urea accounts for ~ 80% of the passed charge. These
results clearly demonstrate the feasibility of removing nitrogen from urea in solution as N, in air by a
photoelectrocatalytic process using FTO/Ti-Fe,Os/Ni photoelectrodes under solar illumination.
However, significant progress is still needed, especially to improve its selectivity towards N,

production and its overall photovoltaic conversion efficiency.
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FIGURES

Figure 1. SEM plane view and cross-section images of Ti-Fe,O; samples before (A) and after
deposition of 2 nm of Ni by sputtering (B) or after NIOOH PEC deposition at 17.5 mC cm (C). Scale
bars: 100 and 200 nm for plan view and cross-section images, respectively. For cross-section imaging,
metallization with 2 nm of Ptg,Pd,, was applied to avoid charge accumulation.

Figure 2. Absorptance and reflectance of FTO/Ti-Fe,O5; samples, with or without sputtered Ni (2 nm,
A) and PEC deposited Ni (8.75 mC cm?, B). The dashed line at 590 nm corresponds to the gap of
Fe,0; (2.1 eV).

Figure 3. Voltammetry in the dark and under illumination of (A) FTO/Ti-Fe,O; in NaOH, before and
after sputtering deposition of 2 nm of Ni (Ti-Fe,O3/Nis,); (B) Ti-Fe,O3/Nis, in NaOH with or without
urea. Table: Photocurrent values of both FTO/Ti-Fe,O; and Ti-Fe,Os/Nisp electrodes at 1.23 et
1.40 Vgye. [NaOH] = 1 mol L?; [urea] = 0.33 mol L. Scan rate: 10 mV s. Illumination: AM1.5G,
1000 W mr2,

Figure 4. Voltammetry in the dark and under illumination of (A) FTO/Ti-Fe,O3; in NaOH, before and
after PEC deposition of NIOOH (8.75 mC cm?); (B) Ti-Fe,Os/Nirec in NaOH, with or without urea;
(C) FTOITi-Fe,03/Nisp and FTO/Ti-Fe,03/Nipec in NaOH with urea (under illumination only). Table:
Photocurrent values of both FTO/Ti-Fe,O; and Ti-Fe,Os/Nipec electrodes at 1.23 et 1.50 Vgue.
[NaOH] = 1 mol L'%; [urea] = 0.33 mol L. Scan rate: 10 mV s*. lllumination: AM1.5G, 1000 W m2,

Figure 5. (A) Voltammetry under illumination of FTO/Ti-Fe,O3/Nisp (2 nm) in NaOH and different
concentrations of urea, with an insert showing the photocurrent onset potential region; (B)
Transmittance measured in situ during voltammetry. [NaOH] = 1 mol L*; [urea] =0, 10, 50, 150 and
300 mmol L. Scan rate: 2 mV s. lllumination;: AM1.5G, 1000 W m.

Figure 6. (A) Voltammetry under illumination of FTO/Ti-Fe,03/Nipec (8.75 mC cm?) in NaOH and
different urea concentrations; (B) Transmittance measured in situ during voltammetry. [NaOH] =
1mol L?; [urea] = 0, 10, 50, 150 and 300 mmol L?. Scan rate: 2 mV s*. lllumination: AM1.5G,
1000 W m2,
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Figure 1

SEM plane view and cross-section images of Ti-Fe,O; samples before (A) and after deposition of
2 nm of Ni by sputtering (B) or after NIOOH PEC deposition at 17.5 mC cm? (C). Scale bars: 100 and
200 nm for plan view and cross-section images, respectively. For cross-section imaging, metallization
with 2 nm of Ptg,Pd,, was applied to avoid charge accumulation.




Figure 2

Absorptance and reflectance of FTO/Ti-Fe,O; samples, with or without sputtered Ni (2 nm, A) and
PEC deposited Ni (8.75 mC cm?, B). The dashed line at 590 nm corresponds to the gap of Fe,0,
(2.1eV).
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Figure 3

Voltammetry in the dark and under illumination of (A) FTO/Ti-Fe,O; in NaOH, before and after
sputtering deposition of 2 nm of Ni (Ti-Fe,O3/Nig,); (B) Ti-Fe,O3/Niy, in NaOH with or without urea.
Table: Photocurrent values of both FTO/Ti-Fe,O5; and Ti-Fe,Os/Nisp electrodes at 1.23 et 1.40 Vgrue.
[NaOH] = 1 mol L%; [urea] = 0.33 mol L. Scan rate: 10 mV s*. lllumination: AM1.5G, 1000 W m2.
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Figure 4

Voltammetry in the dark and under illumination of (A) FTO/Ti-Fe,O; in NaOH, before and after PEC
deposition of NiOOH (8.75 mC cm?); (B) Ti-Fe,Os/Nipec in NaOH, with or without urea; (C) FTO/Ti-
Fe,03/Nisp and FTO/Ti-Fe,;03/Nirec in NaOH with urea (under illumination only). Table: Photocurrent
values of both FTO/Ti-Fe,03 and Ti-Fe,0s/Nipec electrodes at 1.23 et 1.50 Vgye. [NaOH] =1 mol L?;
[urea] = 0.33 mol L. Scan rate: 10 mV s. lllumination: AM1.5G, 1000 W m=.
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Figure 5

(A) Voltammetry under illumination of FTO/Ti-Fe,Os/Nis (2nm) in NaOH and different
concentrations of urea, with an insert showing the photocurrent onset potential region; (B)
Transmittance measured in situ during voltammetry. [NaOH] = 1 mol L*; [urea] =0, 10, 50, 150 and
300 mmol L*. Scan rate: 2 mV s. Hlumination: AM1.5G, 1000 W m-.
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Figure 6

(A) Voltammetry under illumination of FTO/Ti-Fe,03/Nipec (8.75 mC cm?) in NaOH and different
urea concentrations; (B) Transmittance measured in situ during voltammetry. [NaOH] = 1 mol L*;
[urea] =0, 10, 50, 150 and 300 mmol L. Scan rate: 2 mV s*. lllumination: AM1.5G, 1000 W m=.
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Table(s)

Click here to download Table(s) Table_Rebiai et al.docx

Photoelectrocatalytic conversion of urea under solar illumination

using Ni decorated Ti-Fe;O; electrodes

Lamia Rebiai et al.

TABLE

Table 1. Faradaic yields of products formed
photoelectrolysis with FTO/Ti-Fe203/Nirec of a 0.33 mol L* urea solution in 1 mol L' NaOH at
1.51 VrHe during 4 h.

in the gas and liquid phase during four

electrolysis 0 N2 NOz X (calculated charges)
Total ch
Total calculated . calculated . calculated . [Total charge

yield yield yield (%)

charge charge (%) charge (%) charge (%)

(© (€ 0 (© 0 (© 0
El 23.2 3.1 13.3 2.3 10.0 / / 23.2
E2 25.3 8.9 35.0 2.8 11.1 / / 46.3
E3 25.0 2.3 9.3 4.4 17.6 / / 26.8
E4 27.2 4.0 14.8 4.7 17.3 17.4 64.9 96.0

Average | 757+2 | 46+4 |181+12| 36+1 | 140+4 / / /

*
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Highlights

Photoelectrocatalytic conversion of urea under solar illumination
using Ni decorated Ti-Fe;O; electrodes

Lamia Rebiai et al.

Highlights

e Urea conversion with Fe,O3/Ni photoelectrodes as substitute for N-removal in WWTPs
e Anodic photoelectrodeposition of NiOOH on n-Fe,O; nanorods where h* are collected
e Gain of 0.5V in urea oxidation onset potential with FTO/Ti-Fe,Os/Ni vs. Ni electrode
e In situ light transmission recorded during CV confirms urea oxidation as EC process

e Urea PEC conversion leads to N,, O,, and NO,™ ; FE ~ 10-20% for N removal as N,



