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Abstract

With significant quantities of urea (CO(NH,),) being worldwide produced and its presence at
high concentration in urine, simultaneous treatment of urea effluents and hydrogen production
by paired electrolysis represents a very attractive approach in circular economy. Urea electro-
oxidation on Ni-based catalysts in alkaline solution represents a promising approach, but poor
stability of the Ni-based catalytic performance has been reported. In this work, the performance
and stability of a nanostructured NiO/NiOOH anode for urea electro-oxidation has been
evaluated by electrochemical impedance spectroscopy (EIS), cyclic voltammetry (CV) and
chronoamperometry (CA). Firstly, the thickness of the NiOOH active film formed during the
electrochemical activation process on NiO NPs (< 50 nm) is estimated from EIS data at about 4
nm. Secondly, the impact on the catalyst performance of all previously identified urea electro-
oxidation by-products (ammonia (NH3), carbonate (COs*), cyanate (OCN) and nitrite (NO,)) has
been individually addressed by operando EIS, and none of them are responsible for the
NiO/NiOOH catalytic deactivation. In addition to this, more insight into the competitive
adsorption of CO(NH,), and OH on the catalyst surface during electrode aging was gained by the

response of EIS in different potential regions.

Keywords: Urea electro-oxidation; NiOOH film thickness; Anode deactivation; Electrochemical

Impedance Spectroscopy; Reaction by-products
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Introduction

Urea (CO(NH,),) is a prevalent component in wastewater effluents and its biological degradation
into ammonia (NHs) [1] can be hazardous to the environment such as causing eutrophication.
Human urine contains an average of 0.33 M of urea [2], and it is estimated that an adult
produces 1.5 liters of urine per day [3]. This results in the daily production of around 11.8 billion
liters of urine globally, given the world's population of 7.9 billion people. Urea is also one of the
most widely produced and used nitrogen-based fertilizers, with an estimated worldwide
production of 180 million metric tons annually, according to Statista [4]. Thus, urea containing
effluents represent an environmental issue, where effective removal of urea needs to be
ensured for safety water discharge into the environment, as well as an opportunity for enabling
circular economy, as urea electrolysis represents a suitable approach for hydrogen production. In
recent decades, special attention has been paid to urea electrolysis [2,5-9] as an attractive
paired electrolysis for simultaneous wastewater treatment and hydrogen production, where
both reactions at the anode and the cathode provide valuable products. Thus, urea is
electrochemically oxidized in alkaline medium at the anode into innocuous compounds such as
COs> and N, (Equation 1); meanwhile hydrogen gas (H,) is produced at the cathode from H,O
reduction (Equation 2) displaying an overall cell potential +0.02 V, which is significantly lower
than H, production from H,0 electrolysis (-1.23 V). However, the sluggish kinetics of urea
electro-oxidation causes the appearance of high overpotentials, due to the formation of NiOOH
from NiO oxidation (Equation 3) as a prerequisite for achieving urea oxidation (Equation 4).
CO(NH,), + 80H > N, + CO3> + 6H,0 + 6 (1) E°=-0.85V vs. SHE

2H,0 +2e” > H, + 20H" (2) E°=-0.83Vvs. SHE
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NiO + OH > NiOOH + e (3) E°=0.49Vvs. SHE
NiOOH + CO(NH3); = Ni(OH);, + products (4)
CO(NH;); +80OH > 'OCN +6 H,0 + NO, +6 € (5) E°=-0.43Vvs. SHE
NiOOH is one of the few electrocatalytic materials able to efficiently oxidize urea and for this
reason, Ni-based catalysts have gained extensive attention as suitable anode for urea electro-
oxidation in alkaline media [2,6,10-12]. In particular, two possible reaction pathways for urea
electro-oxidation are proposed in the literature involving the interconversion of NiO/Ni(OH), and
NiOOH species [12-16]. In both cases, the same initial electrochemical step converts by
oxidation the inactive NiO/Ni(OH), anode into the active NiOOH at the surface (Equation 3).
Then, either the direct electro-oxidation pathway in which urea is oxidized without reducing
NiOOH (Equation 1) or the indirect electro-oxidation pathway that mediates the chemical
oxidation reaction of urea (Equation 4) can take place. In the latter case, the catalytically active
NiOOH is chemically reduced to the inactive Ni(OH), by urea and is regenerated afterwards at
the applied potential, which allows further oxidation of urea molecules on NiOOH. In both cases,
the onset potential for urea electro-oxidation is directly controlled by the onset potential to
form the active NiOOH (Equation 3). However, NiOOH anode exhibits significant and progressive
catalytic deactivation during urea electro-oxidation [11,17], leading to the use of doping metals
such as Co or Rh as alternative to improve the NiOOH anode performances [9,18,19]. Notably,
the deactivation was attributed to the adsorption of reaction intermediates or by-products
formed during urea electro-oxidation. Most of the mechanistic studies reported so far has only
considered CO, or COs> as potential urea electro-oxidation by-products formed on NiOOH

anodes, which could compete with urea for the active sites and then, be responsible of the
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deactivation process observed [11,20]. Nevertheless, a significant amount of NHs, cyanate (
OCN) and nitrite (NO;) ions produced from urea electrolysis has been already reported as by-
products by Hopsort et al. [21]. Moreover, an alternative reaction pathway based on products
detection from urea electrolysis has been recently proposed in the literature [22], which
considers the formation of two different N-species during urea electro-oxidation: ‘'OCN and NO;
ions (Equation 5). Thus, other N compounds different than N, were also detected during the
urea electrolysis and their mechanistic impact remains unknown and needs to be evaluated. In
particular, C032', NHsz, 'OCN and NO; by-products [21-25] are evaluated in the present work.
Consequently, identifying the deactivation source of ‘the anode will help design the next
generation of more efficient electrocatalysts for urea electrolysis.

Different Ni-based materials have been already introduced in the literature as precursor for
electrogenerating active NiOOH anodes [26]. However, nanostructured NiO, which presents
much higher stability in strong alkaline media than metallic Ni°[27], has not been deeply studied
so far. In this work, we aim to study the performance and stability of the nanostructured
NiO/NiOOH anode for urea electro-oxidation by cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS) using the rotating disk electrode (RDE) [28] for controlling the
hydrodynamic behavior, including at the diffusion layer. In particular, the main goal of this
research is to evaluate the impact on the catalyst performance of all identified by-products
formed during urea electro-oxidation (C032', NH3, NO, and ‘OCN). For this purpose, EIS is
applied in two different potential regions, each corresponding to different phenomena taking
place on the electrode surface: On the one hand, EIS in operando conditions, which involves a

potential region where the faradaic urea electro-oxidation reaction takes place. This allows to
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study the by-products adsorption on the catalyst surface and the reaction mechanism by EIS,
owing to its remarkable sensitivity for detecting surface modifications [29]. On the other hand,
in a potential region where only purely capacitive processes are involved, which corresponds to

a blocking electrode behavior [30], thus allowing to characterize the electrode aging.

Experimental section

Reagents

Chemicals purchased from Sigma Aldrich: NiO nanoparticles (diameter < 50 nm) 99.8%, Sodium
Cyanate (NaOCN) 96%, Sodium Nitrite (NaNO,)> 97%, Sodium carbonate (Na,COs) 99.5%,
Nafion™ perfluorinated resin solution (5 wt. %) and Urea (CO(NH,),) 99.5 %. The chemicals
provided from VWR Prolabo were Sodium Hydroxide (NaOH) Pellets >98 %, Ammonium sulfate
((NH4)2S04) 99.5 % and Isopropanol anhydrous 99.5%. Ultrapure water with resistivity >18.2 MQ
cm at 25 °C (Elga Purelab Flex, Veolia Water Technologies). All the experiments were performed
at room temperature and the solution was saturated with Argon before each experiment.

NiO catalytic ink preparation

The catalytic ink was prepared to be drop-casted on the surface of a Glassy Carbon (GC) disk
electrode (from PINE, diameter = 5 mm), which was previously polished with Alumina (0.05 um)
for 3 minutes and sonicated in ultrapure water (18.2 MQ cm) in order to remove the remaining
alumina from the surface of the electrode. The NiO catalytic ink was prepared by sonicating 9
mg of NiO nanoparticles (NPs) (diameter < 50 nm) in 1 mL of isopropanol for 20 minutes to
ensure good dispersion. Then, 7 uL of Nafion™ perfluorinated resin solution (5 wt. %) were

added to the mixture both to improve the dispersion and as a binder [31-33] Then, the mixture
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was re-sonicated for an additional 15 minute period and 4 pL were drop-casted onto the
polished GC disk electrode and dried at open atmosphere. The morphology and crystalline
structure of NiO NPs in the catalytic ink were analyzed by Scanning Electron Microscopy (SEM)

and X-Ray Diffraction (XRD) and presented in Figures S1 and S2, respectively.

Electrochemical characterization

Cyclic voltammetry (CV), chronoamperometry (CA) and electrochemical impedance
spectroscopy (EIS) were performed using an electrochemical glass cell of 3 electrodes at room
temperature, equipped with an electrode rotator controller (WaveVortex 10 Electrode Rotator
from PINE) and a potentiostat (CHI 760E). The working electrode was prepared by drop casting 4
pL of NiO catalytic ink on a 5 mm diameter rotating disk electrode (RDE) made of GC. A graphite
rod (d = 0.64 cm) was used as a counter electrode to avoid any metallic contamination in
solution, and a Hg/HgO directly immersed in solution was used as a reference electrode, since it
is the most stable reference electrode in strong alkaline media. Assuming an average radius of
the NiO NPs of 20 nm, the NiO density of 6.7 g cm™ and taking into account the catalytic ink
properties, it is estimated that about 1.6 10 particles of NiO are deposited on the glassy carbon
electrode, thus allowing to roughly estimate the active surface area (8 cm?). Nevertheless, the
current density was calculated by considering the geometric area of the RDE (0.196 cm?). The
ratio between the electroactive surface and the geometrical area is 40. The electro-oxidation of
urea at different concentrations (from 0.01 to 0.33 M) was studied in 100 mL of either 1 M or 5
M NaOH solution, previously saturated with Argon gas. CVs and CAs were performed under
static (0 rpm) or rotating conditions (from 100 to 2000 rpm). All EIS measurements were

performed within a frequency range of 100 kHz - 10 mHz, using a sinewave perturbation of 10
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MVims, 12 points per decade and rotating the working electrode at 800 rpm. EIS experiments

were collected at different potentials (0.2, 0.33, 0.43 or 0.53) V vs. Hg/HgO.

NiO/NiOOH anode electrochemical activation

The NiO/NiOOH anode was electrochemically activated before studying urea electro-oxidation
by cycling the potential between 0.03 V to 0.77 V vs. Hg/HgO in 5 M NaOH at 10 mV s for 20
consecutive cycles, as described elsewhere [17]. The result of this activation process was
evaluated by CV between 0.03 and 0.6 V vs. Hg/HgO in 5 M NaOH. As a result of this process,

the initial NiO surface became enriched with an external shell of Ni(OH),/NiOOH [26,34,35].

Results and discussions

NiO NPs are very stable in strong alkaline solution, but require an initial electrochemical
activation step by potential cycling for displaying urea electro-oxidation activity. Figure 1a shows
the cyclic voltammograms (CVs) of NiO NPs in the urea electro-oxidation range (from 0.03 to 0.6
V vs. Hg/HgO) after 0, 1, 5, 10, 15, and 20 cycles of activation. Initially, the peak current on the
anodic and cathodic peaks associated with the formation of Ni(lll) (0.48 V vs. Hg/HgO in Figure
1) and Ni(ll) (0.35 V vs. Hg/HgO in Figure 1) species rapidly increase during the early cycles.
However, this increase gradually slows down as the activation cycling continues. As a result, a
stable and reproducible CV is reached after 20 activation cycles (blue line in Figures 1a and 1b) in
agreement with the literature [17]. This activation process forms an external porous layer of
Ni(OH),/NiOOH on NiO NPs (Figure 1b), which requires reaching oxygen evolution reaction (OER)

potentials by cycling between 0.03 V and 0.77 V vs. Hg/HgO to be formed on the NiO surface
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[26,34,35]. All results reported in this work were obtained on NiO NPs after 20 activation cycles

noted as NiO/NiOOH NPs.

NiOOH
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Figure 1. CV curves after the electrochemical activation of NiO NPs deposited on a RDE in 5 M
NaOH solution at 800 rpm and at scan rate of 10 mV s™. (a) After activation CVs: 0 CV (black line)
1 CV (orange line), 5 CVs (yellow line), 10 CVs (red line), 15 CVs (pink line) and 20 CVs (blue line).
(b) 3 consecutive CVs before activation (black line), after 20 activation CVs (blue line) and

schematic representation of the Ni(OH),/NiOOH layer formed on NiO NPs.

Figure 2 shows the impact of CO(NH,), concentration and the combined effect of NaOH and
CO(NH,), concentrations ([NaOH]/[CO(NH,),]) ratio (R) on the current density obtained by
electro-oxidation of urea during CAs. In particular, Figure 2 shows that the current density
achieved with a solution of 0.33 M urea (R = 3) after 1600 s of electrolysis at constant potential
(orange plot in Figure 2) is equivalent to that provided by a solution of 0.02 M urea, but with R =

33 (black plot in Figure 2). Moreover, increasing from 0.01 to 0.1 M the urea concentration only

-9-
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provides a modest increase in current density of approx. 10-15 % (black line in Figure 2), the
variation of the resultant oxidation current density for each urea concentration is clearly stated
in Table S1. The relevant impact of the NaOH/CO(NH,), concentrations ratio has been previously
investigated in the literature [36], which identified R > 8 as optimal conditions for urea electro-
oxidation. Otherwise, OH" in solution required as reactant for urea electro-oxidation (Equations 1
and 5), but also as supporting electrolyte, will not be in sufficient quantity to prevent the
migration of electroactive species and ensure rapid regeneration of the OH™ species consumed in
the diffusion layer at the anode (Equations 1 and 5). For this reason, R = 500 (5 M [NaOH] / 0.01
M [CO(NH,),]) is used in the present work for studying the effect of urea electro-oxidation by-

products by EIS in order to disregard any migration effect.

o 0.01 M urea
E 25F 1 (R=100)
E 20}
- 0.02 M urea
-I? 1 5 » (RZSO) 0.05 M urea 0.1M urea
2 ' *0.03Murea y (R=20) Y (R=10)
=33
8 10F ﬂ ) L ‘ __D92mA cm?
c .
L o5F 033Murea 63 ma cm?
5 (R=3)
O 00F L——-—
0 500 1000 1500 2000 2500 3000 3500 4000
time/s

Figure 2. Chronoamperommetry curves of NiO/NiOOH NPs deposited on a RDE in 1 M NaOH at
0.45 V vs. Hg/HgO, different ratios [NaOH]/[CO(NH,),] and at a rotation rate of 800 rpm. Each

vertical arrow in the black plot indicates the addition of urea in the solution.

-10 -
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Figure 3a shows 3 consecutive potential cycles on a NiO/NiOOH electrode in the absence of urea
in solution (black line) and in the presence of 0.01 M urea (blue line). NiO/NiOOH NPs ina 5 M
NaOH solution exhibit good stability and the characteristic oxidation-reduction peaks for
Ni(OH),/NiOOH remain unchanged along the potential cycles (black line in Figure 3a). In
contrast, in the presence of 0.01 M urea (R = 500), the oxidation current is amplified due to the
urea electro-oxidation reaction, but it slightly decreases after each new cycle (blue line in Figure
3a). This deactivation behavior of the catalyst is more evident at higher concentration of urea
(0.33 M, R =15). Thus, Figure 3b shows 6 consecutive potential cycles on NiO/NiOOH NPs in the
presence of 0.33M urea (green and orange lines), where it is evidenced that the current density
associated with urea electro-oxidation decreases after each new cycle, which has been
previously attributed to the catalyst deactivation in the literature [6,13,17,20,24,37]. The
different voltammetric response observed in Figures 3a and 3b as a function of urea
concentration is attributed to the difference in [NaOH]/[CO(NH,),] ratio, a more detailed study is

included in Figure S3.

2.8F (a)
2.4
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Figure 3. CVs of NiO/NiOOH NPs deposited on a RDE at rotation rate of 800 rpm and scan rate 10
mV s™. (a) 5 M NaOH (black line) and 0.01 M urea (blue line) and (b) 5 M NaOH (black line) and
0.33 M urea (orange line: cycle 1-3 and green line: cycle 4-6). Red arrows show the start and the

end of the consecutive cycles.

Figure 4 presents the CA curve, which shows the current density evolution as a function of time
for NiO/NiOOH NPs in a solution containing 1 M NaOH and 0.33 M urea (R = 3) at 0.53 V vs.
Hg/HgO, along with the influence of varying electrode rotation rate. At this potential (0.53 V vs.
Hg/HgO0), the urea electro-oxidation reaction is under mass-transfer control conditions. Thus, it
is typically expected that higher rotation rates would lead to an increase in the current density
from urea electro-oxidation associated with a decrease in the thickness of the diffusion layer.
However, the i-t curve presented in Figure 4 shows that the current density only increases when
the rotation rate of the electrode increases from 0 to 400 rpm, but then gradually decreases
over time regardless of the increase in the electrode rotation rate. This behavior showing mass-
transfer control of urea electro-oxidation only at low rotation speeds is in agreement with the
literature [11] and shows that the urea electro-oxidation reaction is mainly limited by kinetics.
Moreover, the continuous decline in current density displayed in Figure 4 from 2.5 mA cm™ at
200 s to 1.6 mA cm2 at 1200 s clearly demonstrates a fast catalyst deactivation at 0.53 V vs.
Hg/HgO. But it also demonstrates higher activity for urea electro-oxidation at this applied

potential than at 0.45 V vs. Hg/HgO, as shown in Figure 2 (orange plot, 0.96 mA cm™ at 1200 s).

-12 -
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Figure 4. Chronoamperommetry curve of NiO/NiOOH NPs deposited on a RDE in 1 M NaOH and

0.33 M urea at 0.53V vs. Hg/HgO and different electrode rotation rates.

Figure 5 displays the Nyquist plots corresponding to EIS spectra obtained on the NiO/NiOOH NPs
electrode in both presence and absence of urea in solution at different polarization potentials.
Figures 5a and 5b show the EIS responses at 0.33 V, 0.43 V and 0.53 V vs. Hg/HgO in a Nyquist
representation, in the absence of urea in solution. At 0.33 V vs. Hg/HgO (green plots in Figures
5a and 5b), a capacitive behavior is observed in the high frequency domain, which corresponds
to the interfacial capacitance (electric double layer and the contribution of the oxide film formed
at the NP surface), which is in agreement with CV results reported in Figure 3a (black line). In
contrast, at 0.43 V and 0.53 V vs. Hg/HgO (grey and orange plots, respectively in Figures 5a and
5b), a semicircle loop with a characteristic frequency of 146 Hz is clearly observed in the Nyquist
plot zoomed at high frequency (Figure 5b). This is attributed to the charge-transfer process
associated to the NiO/Ni(OH), oxidation into NiOOH at the electrode surface. In addition to this,
at 0.53 V vs. Hg/HgO (orange plots in Figures 5a and 5b), an additional time-constant is observed
with a characteristic frequency of 0.04 Hz, which may be attributed to the relaxation of the

adsorbed OH". The Nyquist plots in Figures 5¢ and 5d show the impact of different polarization

-13 -
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potentials applied in the presence of urea in solution. Figure 5d, which zooms the high
frequency domain of Figure 5c shows no difference in comparison with Figure 5b. This
demonstrates that the capacitive behavior observed at 0.33 V vs. Hg/HgO (green plot) and the
charge-transfer process (characteristic frequency of 146 Hz) associated with the NiO/Ni(OH),
oxidation into NiOOH at the electrode surface, are not affected by the presence of urea in
solution. In contrast, at 0.43 V vs. Hg/HgO, an additional time-constant appears with a
characteristic frequency of 0.46 Hz (grey plot in Figure 5c), which may be attributed to the urea
electro-oxidation in agreement with CV results reported in Figure 3a (blue plot). At 0.53 V vs.
Hg/HgO, during urea electro-oxidation as well, but under mass-transfer control, a reverse
semicircle loop is observed in the Nyquist plot (blue plot in Figure 5c), which represents a
negative polarization resistance (R, <0). As noted in literature [38,39], a negative value of
polarization resistance is obtained by EIS when the applied potential is located in the negative
slope region of the current-potential curve (Figure 3a, blue line), indicating that the
measurement has been performed on an operating point of the current-voltage curve with a
negative slope. This negative R, value results in a reverse capacitive loop, regardless of either the
presence or absence of any adsorption process, which sometimes has been confusedly
attributed to adsorption on the electrode surface in previous EIS studies regarding urea electro-
oxidation [6,13]. Nevertheless, the EIS data in the low frequency domain at 0.53 V vs. Hg/HgO in
the presence of urea show a new time constant with a characteristic frequency of 0.15 Hz (blue
plot in Figure 5c). Thus, Figure 5e corresponds to a new Nyquist plot only comparing the EIS data
at 0.53 V vs. Hg/HgO in the absence (orange plot) and the presence (blue plot) of urea and

Figure 5f corresponds to a zoom in the high frequency domain of Figure 5e. As previously

-14 -
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mentioned, the process at 146 Hz shown in Figure 5f remains constant, as well as that at 0.04 Hz
(Figure 5e) associated to the relaxation of the adsorbed OH'. In contrast, when urea is present in
solution (blue plot in Figure 5e), an additional time constant appears at 0.15 Hz, which is
associated to a relaxation of an adsorbed species from either the products/by-products
generated during the electro-oxidation of urea or by the adsorption of urea itself on the surface
of the electrode. Tables 1 and 2 summarize the characteristic parameters extracted by graphical
analysis from EIS measurements shown in Figure 5. F is the frequency, Re, R, and Ry are the
electrolyte, charge transfer and polarization resistance, respectively. Z; is the imaginary part of

impedance. Cr and C;. are the low frequency (LF) and interfacial capacitance, respectively.

Table 1. EIS parameters of NiO NPs in 5 M NaQOH solution.

Potential/ F(Hz) Re(Qcm?)  RalQcm?) | Zi(Qcm?) | Cu(MFecm ™) | Cine (MF cm ?)
Y vs.
Hg/HgO |
0.33 0.02 14+0.1 - 6646.1 1.1+0.1 -
‘ 0.1
0.53 146 0.9+0.1 ‘ 8.6+0.1 - - 0.12+0.01

Table 2. EIS parameters of NiO NPs in 5 M NaOH and 0.01 M urea solution.

Potential/ F(Hz) Re(Qcm?) Rq(Qcm?) Rp (Q cm?)  Cir(MFem ™) | Cine (MF cm ?)
\' Vvs.

Hg/HgO
0.33 0.4 14+0.1 - - - -
0.53 146 15+0.1 8.7+ 0.1 - - 0.12+0.01
0.53 0.15 15+0.1 - -140.7 £ - -

0.1

-15-
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The charge-transfer process associated with the NiO/Ni(OH), oxidation into NiOOH at the
electrode surface (characteristic frequency of 146 Hz) observed at 0.53 V vs. Hg/HgO (Figure 5f)
allows to estimate the thickness of the formed NiOOH film from the EIS data. As far as we know,
the thickness of the NiOOH layer generated through electrochemical activation and shown in
Figure 1 has not been estimated before in the literature. The resulting high frequency
capacitance (C.,) obtained from EIS data by Cole-Cole plot is 0.5 iiF (in the range of 2.5 pF cm™).
Assuming a permittivity (¢) of 12 for the NiO/NiOOH layer and neglecting the double layer
capacitance (which should be one order of magnitude larger), the thickness of the oxide layer (d)
formed at the electrode surface can be easily calculated from Equation 6 [40] where g,
corresponds to the vacuum permittivity. The NiOOH active film formed during the
electrochemical activation process on NiO NPs is estimated at about 4 nm. Interestingly, this

value is in agreement with the NiO particle dimension (diameter < 50 nm).

Coo = (6)

-16 -
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Figure 5. Nyquist plots corresponding to EIS spectra obtained on NiO/NiOOH NPs at 800 rpm in 5

M NaOH solution. (a) at different polarization potentials 0.33 V vs. Hg/HgO (green), 0.43 V vs.

Hg/HgO (grey), and 0.53 V vs. Hg/HgO (orange), (b) Figure 5a zoomed in the high frequency

domain, (c) in the presence of 0.01 M urea in solution at different polarization potentials 0.33 V

vs. Hg/HgO (green), 0.43 V vs. Hg/HgO (grey) and 0.53 V vs. Hg/HgO (blue), (d) Figure 5c zoomed
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in the high frequency domain, (e) at 0.53 V vs. Hg/HgO in the absence (orange plot) and the
presence (blue plot) of 0.01 M urea in solution and (f) Figure 5e zoomed in the high frequency
domain.

To investigate the effect of urea and urea electro-oxidation by-products (C032', NHs3, "OCN and
NO,) on the NiO/NiOOH catalyst's surface, EIS diagrams were collected and compared in
absence and in presence of each single by-product. Figure 6 shows the corresponding EIS
diagrams normalized by the low frequency value of the real part of the impedance in order to
provide the easiest comparison and to avoid any effect of the active surface area. Those EIS
measurements were performed at 0.53 V vs. Hg/HgO to specifically enhance the deactivation
process of the catalyst during urea electro-oxidation. Moreover, solutions containing low urea
concentration and high NaOH/CO(NH,), ratio are used for minimizing the competition for the
active sites of the electrocatalyst between urea and urea electro-oxidation by-products. The
results shown in Figure 6a indicate that the electrochemical response of NiO/NiOOH NPs in 5 M
NaOH (black plot) is not sensitive to the presence of COs* (red plot), NO, (blue plot), OCN
(green plot) or NHs (orange plot). Likewise, no significant effect of those same compounds is
neither observed in the presence of urea (Figure 6b), which demonstrates that none of these
products (C032', NO;’, ‘'OCN, and NHs) is responsible for the NiO/NiOOH NP surface deactivation
shown in Figure 4. Moreover, these EIS results have also demonstrated that the appearance of a
reverse loop phenomena (Figure 6b) is not an evidence of urea electro-oxidation byproduct
adsorption, but is only linked to the current decrease with increasing potential [38,39]. However,

urea adsorption cannot be ruled out as a cause of electrode deactivation.
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Figure 6. Normalized Nyquist plots corresponding to EIS spectra ebtained on NiO/NiOOH NPs at
800 rpm and 0.53 V vs. Hg/HgO. Solution composition: (a) 5 M NaOH (black plot) and (b) 5 M
NaOH and 0.01 M urea (black plot). In presence of 0.01 M CO;> (red plot), 0.01 M NO, (blue

plot), 0.01 M "OCN (green plot), or 0.01 M NHs (orange plot) in solution.

Figure 7 shows the Nyquist plots corresponding to EIS spectra obtained on the NiO/NiOOH NPs
electrode at 0.2 V vs. Hg/HgO, a potential region where only purely capacitive processes are
involved. Those EIS data allow to evaluate the electrode aging and any surface modification
resulted from being exposed to urea. To investigate this, the electrode is examined by EIS before
and after undergoing immersion in urea solution and urea electro-oxidation either by CV or
electrolysis. Figure 7a compares the Nyquist plots of the electrode immersed in a urea-free
solution (black plot), immersed 1 h in a 0.33 M urea solution (green plot) and after performing 1
CV cycle up to 0.6 V vs. Hg/HgO in a 0.33 M urea solution (red plot). All these EIS results are
almost identical. Additionally, Figure 7b shows that the electrode surface is not modified after 1

hour of electrolysis at 0.53 V vs. Hg/HgO in a 0.33 M urea solution (orange plot). This suggests

-19 -



Journal Pre-proof

that none of the byproducts generated during urea electro-oxidation remains adsorbed on the
electrode's surface. Moreover, Figure 7 also suggests that the deactivation of NiO/NiOOH NPs
shown in Figure 4 by a significant decrease in current density at 0.53 V vs. Hg/HgO is most likely
not due to the adsorption of urea. However, it is demonstrated that urea competes with OH" for
the active sites at the electrode surface for its electro-oxidation [12,14]. The low frequency limit
of the imaginary part of the impedance allow to roughly estimate the capacitive response of the
electrode. To convert the response of CPE into a capacitive value, the Brug formula [41,42] is
employed, resulting in an approximate capacitance of 25 uF cm™. Based on this analysis, we can
conclude that in this potential domain, and at low frequencies, the determined capacitance is
consistent with a double layer capacitance in line with the work of Gharbi et al. [43] who

showed that the capacitive behavior of the interface can usually be analyzed in this frequency

domain.
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Figure 7. Nyquist plots corresponding to EIS spectra obtained on NiO/NiOOH NPs at 800 rpm and

0.2 V vs. Hg/HgO in 5 M NaOH solution (black plots). (a) After performing a CV cycle up to 0.6 V
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vs. Hg/HgO (scan rate 10 mV s) in 5 M NaOH and 0.33 M urea solution (red plot), and after
electrode immersion for 1 h in 5 M NaOH and 0.33 M urea solution (green plot). (b) After 1 h of

electrolysis at 0.53 V vs. Hg/HgO in 5 M NaOH and 0.33 M urea solution (orange plot).

Conclusions

NiO NPs enriched by electrochemical activation with an external shell of Ni(OH),/NiOOH exhibit
high stability in strong alkaline solution, but very few examples of application into the urea
electro-oxidation has been reported so far. This study evaluates the performance and stability of
a nanostructured NiO/NiOOH anode for urea electro-oxidation using various electrochemical
techniques. Cyclic voltammetry and chronoamperommetry analysis strongly suggest the
occurrence of a catalyst deactivation process during urea electro-oxidation. EIS data reported
here demonstrate that the charge-transfer process associated to the NiO/Ni(OH), oxidation into
NiOOH at the electrode surface is insensitive to the presence of urea in solution. This allows to
estimate the thickness of the NiOOH active film on the NiO NPs (4 nm) by EIS. In addition to that,
EIS data show the presence of two time-constants in the low-frequency domain, which are
attributed to the relaxation of the adsorbed OH™ and urea. The operando EIS results performed
at 0.53 V vs. Hg/HgO, indicated that urea electro-oxidation by-products (C032', "OCN, NHs and
NO,) do not have substantial impact on the catalytic activity of the NiO/NiOOH anode.
Furthermore, EIS data at 0.2 V vs. Hg/HgO, where only purely capacitive processes are involved,
demonstrate neither urea adsorption impact on catalyst deactivation nor notable aging effects
during the first hour of urea electro-oxidation. In conclusion, this work is showing a significant

limitation for the NiO/NiOOH anodes application in urea treatment due to the catalyst
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deactivation and has ruled out the responsibility on this from urea and urea electro-oxidation
byproduct (COs*, 'OCN, NH; and NO,) adsorption. Thus, we suggest to address in future studies
the ability of NiO to regenerate the NiOOH active film as a way to understand the catalyst
deactivation issue, which should contribute to find more efficient and sustainable urea

treatment technologies.
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