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ARTICLE INFO ABSTRACT

Keywords: Ni(OH),, as a multifunctional material, has found its applications in a great number of research areas. In
Ufea Oxidation Reaction particular, it is an efficient catalyst for urea oxidation reaction (UOR), which is an important alternative to
Nll(OH)Z vsi oxygen evolution reaction in electrocatalytic water splitting. This work investigates the effect of materials
E]\/[Zi;fgf: ;yym morphology on the electrocatalytic UOR performance of f—Ni(OH),, as well as the importance of characterising

the catalysts’ surface by electrochemical active surface area. Three different morphologies (nanoflowers,
nanocubes, and nanosheets) were prepared via a simple hydrothermal approach. The morphology and structure
of the as-prepared samples were carefully examined by scanning electron microscopy, transmission electron
microscopy, and powder X-ray diffraction. The UOR performance of p-Ni(OH), was evaluated by means of cyclic
voltammetry, linear sweep voltammetry, Tafel analysis, and electrochemical surface area. Nanosheet Ni(OH)y
electrocatalyst exhibits higher current density responses (28.3 mA cm ™2 gcsa at 1.6 V vs. RHE) and a lower slope
in the Tafel plot (72.6 mV dec™!). Consequently, due to the exposure of more active sites to the reactants, the Ni
(OH); electrode with nanosheet morphology displayed higher electrocatalytic performance during UOR
compared to the nanoflower and nanocube samples.

Active site

Introduction CO(NH,),(aq) + 60H —N,(g) + 5H,0(l) + CO,(g) + 6e~ Oxidation
(2
Combining hydrogen production with oxidation reactions of

favourable thermodynamics, such as urea, alcohol, and 5-hydroxyme- 6HO(I) +6e” ~60H™ +3H,(g) Reduction (3
thylfurfural [1,2] oxidation in a water splitting process has attracted The oxidation potential for UOR is 0.37 V vs RHE, which is signifi-
much attentions since the oxygen evolution half reaction (OER) is cantly lower than that of OER (1.23 V) [10-12]. In addition, the UOR is
kinetically more challenging, and needs a large overpotential to drive an effective method for the treatment of urine-containing wastewater.
the entire reaction [3-5]. Urea electrolysis can be an efficient anodic Significant contributors to the generation of urea-containing wastewater
half reaction to replace the OER in a basic environment due to its low are humans, animals, industry, and agricultural fertilizers. When
thermodynamic potential and ability to reduce pollution in urea- ammonia decomposes in water wastes, it can be transformed to toxic
containing wastewater [6,7]. The urea electrolysis eq (1) in alkaline nitrates, nitrites, and nitrogen oxides [13]. The use of urea as the anodic
environment has a 6-electron transfer mechanism that occurs at the reaction can reduce the environmental pollution by increasing CO, and
anode eq (2), while the HER reaction occurs at the cathode eq (3) [8,9]. Ny recycling [12,14]. Despite the aforementioned advantages, UOR’s
CO(NH,),(aq) + HyO(1)=N,(g) + CO,(g) + 3H,(g) Total Reaction overall efficiency is rather low, and therefore, cheap and highly efficient
o) catalysts are needed to improve the effectiveness of UOR. Among

various transition metal derived catalysts, nickel-based materials such as
nickel hydroxides are effective catalysts for achieving high UOR per-
formance under alkaline conditions, with low overpotential, high
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catalytic current, and durability [15-17]. The electrooxidation of urea
on Ni(OH); coated electrodes is shown in eqs (4) and (5). It consists of
two steps: firstly, the Ni(OH), is electrochemically oxidized to NiOOH at
the anode, and this further oxidizes urea molecules to Ny and CO2 by a
chemical pathway [1,18,19].

6Ni(OH), (s) + 60H™ =6NiOOH (s) + 6H,0(1) + 6¢~

6NiOOH (s) + CO(NH,),(aq) + H,O(1)>6Ni(OH), (s) + N2 (g) + COx(g)

Nickel-based electrodes have been studied thoroughly for alkaline
water electrolysis [20-22]. In terms of nickel hydroxide, two main
crystalline phases exist, a-Ni(OH); (rhombohedral) and p-Ni(OH),
(hexagonal) [23]. The o—Ni(OH); has a larger space between interlayers
(>7.5 /0\) allowing for the presence of anions such as nitrate, carbonate,
sulphate, and water molecules [24]. —Ni(OH),, on the other hand, has a
more organized structure with layers oriented along the c axis and a
smaller interlayer space (4.60 Z\) [25-27]. Among these two phases,
p-Ni(OH),, demonstrates excellent chemical and thermal stability
especially in alkaline media [28,29]. Prior investigations focused on the
various morphologies of a-Ni(OH); and p-Ni(OH),, as well as their
performance in urea oxidation reaction. For example, the current den-
sity of irregularly shaped -Ni(OH), was reported to reach as high as
166.2 mA cm 2 at 1.6 V [30]. Due to Ni®* active species and a signifi-
cant mass transfer, Ni(OH), nanomesh exhibited higher current density
(408 mA mg_l) and lower onset potential (1.35 V) [22].

Ni(OH), of various morphologies often expose different crystal fac-
ets, which might possess significantly varied amounts of catalytically
active sites [31]. The thermodynamic stability of those facets also vary, a
prior computational studies have identified low index facets (001),
(010) and (100) as the most stable for p-Ni(OH), [24]. Considering
electrocatalytic processes primarily occur on the catalysts’ surfaces, it
would be beneficial to understand the activity-morphology relationship
of catalysts. In addition, due to the varied morphologies, size, and
crystallinity, it is practical to profile the catalysts’ surface at the elec-
trodes using electrochemical active surface area (ECSA) rather than
geometric area that was employed in the majority of the previous re-
ports. This makes it complicated to evaluate and compare the reported
results in the literature [32]. With this in mind, the present work aims to
demonstrate the effect of three different morphologies of p—Ni(OH); on
their activities toward urea oxidation reaction (UOR).

Experimental section
Materials

Analytical grade nickel nitrate hexahydrate (Acros Organics), nickel
sulphate hexahydrate (Acros Organics), urea (Fluorochem), ammonia
(Sigma Aldrich), sodium hydroxide (Fisher Scientific) were used as
received without further purifications. Deionised water was used in the
synthesis of materials, and Mili-Q water was used in electrochemical
measurements throughout the experiment.

Synthesis of f-Ni(OH), nanoflower (-Ni(OH)2 NF)

1.40 g of Ni(NOs3)2-6H20, 0.29 g of CO(NHgz)z, and 1.095 mL
NH3-H20 (35%) were mixed with 80 mL deionised water and magneti-
cally stirred for 15 min at 520 rpm. Solutions were transferred into a
Teflon cup of 100 mL capacity in a stainless steel-lined autoclave. The
autoclave was maintained at 100 °C for 2 h and then cooled to room
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temperature naturally. After the reaction, the green powder was washed
with deionised water several times until the pH of the supernatant is
equal to that of deionised water. Finally, ethanol was used to remove the
residual water. The final product was obtained after drying at 80 °C for
12 h.

Electrochemical Oxidation ()]

Chemical Oxidation 5)

Synthesis of /-Ni(OH); nanosheet (-Ni(OH)2 NS)

0.079 g of NaOH were dissolved in 10 mL deionised water and added
slowly into the 0.1 M NiSO4-6H20 aqueous solution (10 mL) under
vigorous stirring at 1300 rpm. The solution was stirred for 30 min and
then transferred to a 100 mL Teflon-line autoclave. The autoclave was
kept at 180 °C for 8 h, then allowed to cool down to room temperature.
The product was separated by centrifugation at 5000 rpm for 10 min.
Finally, the obtained product was washed with deionised water until the
pH of the supernatant is the same as that of deionised water, and then
ethanol to remove the remaining water. The final product was dried in
an oven at 50 °C for 12 h.

Synthesis of f—Ni(OH)» nanocubes (—-Ni(OH)2 NCs)

1.61 g of NaOH were dissolved in 20 mL deionised water and slowly
added into the 1 M NiSO4-6H0 solution (20 mL) under vigorous stirring
at 1300 rpm. The solution was stirred for 30 min and then transferred to
a 100 mL Teflon-line autoclave. The autoclave was kept at 180 °C for 4 h,
then allowed to cool down to room temperature. The product was
separated by centrifugation at 5000 rpm for 10 min. The cleaning pro-
cess was the same as for the p-Ni(OH),_NS sample.

Materials characterization

Powder X-ray diffraction (PXRD) data of p—Ni(OH),_NF was collected
on a D8 advance series 2Theta/Theta powder diffractometer at room
temperature and Phase analysis of p-Ni(OH); NC and B-Ni(OH), NS
samples were performed by X-ray powder diffraction using an Intel
Equinox 6000 system with a 1.54056 nm Cu -1 X-ray source. Scanning
electron microscopy (SEM) was used to observe the morphology and size
of prepared samples. The SEM was performed on Hitachi SEM (S-4700),
which was fitted with the Oxford Instruments INCA Ener-
gy EDX detector. For sample preparation, 2 mg samples were dispersed
in 0.5 mL ethanol and sonicated for 2 h. Then 10 pL of the suspension
were drop-casted onto a clean silicon wafer, which was then attached to
a sample holder. Before SEM characterization, the samples were sputter-
coated with a thin layer of gold. TEM measurements were carried out on
a Hitachi H7500 electron microscope. All images were taken at 100 kV
at room temperature. The TEM grids were prepared in the following
steps: the samples were first dispersed in ethanol by sonication. A small
volume of the suspensions was drop-casted on 200 mesh copper grids
with Formvar/Carbon membrane coatings.

Electrochemical characterization

All electrochemical measurements were conducted using a Palm-
Sens3 portable potentiostat and a Metrohm Multi Autolab M204
potentiostat in a conventional three-electrode system. Glassy carbon
electrode coated with electrocatalysts, Pt wire, and saturated Hg/HgO
were used as the working electrode, counter electrode, and reference
electrode, respectively. All the potentials were converted to a reversible
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hydrogen electrode (RHE) potential scale: Eryg = Eng/ngo + 0.591*pH
+ 0.098.

The working electrodes were prepared by a drop-casting method.
The catalyst inks were prepared by dispersing 16.0 mg of the catalyst
and 4.0 mg of carbon black (Vulcan XC-72) in 1.0 mL of aqueous solu-
tion containing 750 pL of MiliQ water and 250 uL of ethanol. Then the
ink was sonicated for 6 h to achieve good electrocatalyst dispersion.
After the sonication, 100 pL of 5 wt% Nafion dispersion was added to the
catalyst ink and further sonicated for 15 min. In the end, 3 pL of the
resulting dispersion was deposited onto the surface of previously pol-
ished glassy carbon electrode (3 mm diameter, 0.071 cm?) and allowed
to dry under an IR lamp. The catalyst loading on the glassy carbon
electrode was calculated to be 0.676 mg cm 2. All electrochemical tests
were conducted in 1 M KOH with and/or without 0.33 M urea at room
temperature. Cyclic voltammetry (CV) were investigated under the po-
tential window of 1.12-1.72 V (vs. RHE) and a scan rate of 50 mV st
The electrochemical data are normalized with respective to the elec-
trochemical surface area of the catalysts (see electrochemical oxidation
of urea). The working-electrode geometrical areas were normalized in
all the CVs and LSVs to obtain the current densities. The Tafel plots are
obtained from forward-scan LSVs and the corresponding Tafel slopes
were derived from the ECSA corrected polarization curves. The Tafel
plot is fitted from the Tafel equation: n = b x log j + a, where 1 is
overpotential, j is current density, b is Tafel slope, and a is Tafel con-
stant. Electrochemical impedance spectroscopy (EIS) measurements
were performed using an AC amplitude of 10 mV in the frequency range
of 0.1 Hz and 100 kHz.

Chronopotentiometry was carried out in 0.33 M urea in 1.0 M KOH at
20 mA cm 2 to investigate the stability of the catalysts. Nickel foam was
used as a substrate for all the stability tests. For the nickel foam (NF)
preparation, the nickel foam substrate (1 cm?) was first sonicated in 3 M
HCI for 15 min, which is followed by sonication in acetone for 30 min
and another sonication step in ethanol for 15 min. Finally, nickel foam
was sonicated in deionised water for 30 min. After sonication steps, NF
were dried for 10 min at 70 C in the oven and under IR lamp for 5 min.
The nickel foam electrodes were prepared by dip-coating method.
Cleaned nickel foam was dipped into the catalyst ink solution for 30 s
and then removed and dried under IR lamp for 5 min. Then these steps
were repeated two more times. It is noted that the area of the nickel foam
was 1 cm? for each sample and the catalyst loading on the glassy carbon
electrode was calculated to be around 3.0 mg cm 2.
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Fig. 1. PXRD Patterns of $-Ni(OH), NF, p-Ni(OH);_NCs and p-Ni(OH),_NS.
The vertical lines in olive represent the data from PDF card No. 14-0117 for
B-Ni(OH),.
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Results and discussion

The phase structure and purity of the p-Ni(OH),_NF, f—-Ni(OH), NCs
and B-Ni(OH),_NS samples were examined by PXRD. The diffraction
patterns in Fig. 1 support the formation of the p—phase Ni(OH), (JCPDS
No: 14-0117). The main diffraction peaks at 19.3°, 33.1°, 38.5°, 52°.03,
59.1°, 62.8°,70.5°, 72.8° correspond to the (001), (100), (101),(102),
(110), (111), (103), and (201) planes of B-Ni(OH),, respectively.
Sharper reflection peaks on the B-Ni(OH); NCs and B-Ni(OH), NS
samples indicate a greater degree of ordering and crystallinity due to the
higher synthetic temperatures. No peaks related to other impurities were
observed, which indicates well-defined crystalline structure, and good
sample purity.

SEM and TEM were used to examine the morphologies of the syn-
thesised products. Low magnification SEM images in Fig. 2a-c demon-
strate that all three samples were composed of rather uniform and
homogeneously distributed particles. It is shown that Ni(OH),_NF, as
seen in Fig. 2d, is made of flower-like structures of assembled plates with
an average size of 1.0 ym. Fig. 2e and 2f show SEM images of p-Ni
(OH)2 NC and p-Ni(OH)5 NS samples at higher magnifications, syn-
thesized at different time scales by the hydrothermal method. p-Ni
(OH),_NC has a cube shape with an average size of 58 nm, while -Ni
(OH),-NS, which was synthesized over a longer period of time, has an
homogenous hexagonal sheet structure with an average size around 190
nm. The TEM images shown in Fig. 3a-c exhibit a more detailed
morphology of the samples, providing additional evidence for their
floral, cube and sheet structures.

Electrochemical oxidation of urea

The electrochemical measurements of the prepared nickel hydroxide
with different morphologies were studied using a three-electrode sys-
tem. Cyclic voltammetry (CV) measurements were carried out in 1 M
KOH with and without the presence of urea at the scan rate of 50 mV s !
To normalize the current density based on an appropriate parameter, the
electrochemical double-layer capacitance (Cq) approach was used to
estimate the electrochemically active surface area (ECSA) from cyclic
voltammetry curves in a non-Faradaic region at various scan rates (25,
75, 100 and 125 mV s™1). The potential window between 0.82 and 1.02
V was used for the ECSA measurement. The double-layer capacitance
was obtained by plotting the Aj = (jp-jc) at 0.92 V vs RHE as a function of
the scan rate. The ECSA of the electrocatalysts was determined based on
the following equation: ECSA = Cq1/Cs where Cg represents the specific
capacitance of a flat electrode, reported as 0.04 mF cm 2 for nickel
hydroxide in alkaline solution [33]. Then, the slope was calculated to get
the Cq; value, which is directly proportional to ECSA. The results are
shown in Fig. S1, S2, and Table 1. Cqj value for nanocubes is in good
agreement with the literature values of 0.14 mF cm 2 [34].

Both Cq; and ECSA have been employed to normalize the current
densities in literature [35,36]. Here, ECSA is used to normalize the
current responses of the synthesized electrocatalysts. As observed in
Fig. S3, the ECSA-normalized current density of f—Ni(OH), nanosheets is
the largest amongst the three samples, indicating that the nanosheet
morphology has more exposed Ni>* active sites. On the other hand,
nanocubes showcase a rather low current density, which is unexpected
as f—Ni(OH);, nanocubes recorded the highest ECSA amongst the three
morphologies. This suggests that ECSA and the numbers of OER active
sites are not directly related in the case of p—Ni(OH), nanocubes, that
the active sites are not as accessible as for the other two morphologies.
The three cyclic voltammograms shown in Fig. 4 illustrate typical redox
characteristics of Ni-based electrocatalysts. Two peaks can be observed
for the synthesised electrocatalysts. In the anodic scan, the peak at 1.5 V
corresponds to the oxidation of Ni?* (Ni(OH),) to Ni>™ (NiOOH), while
the reverse cathodic peak at 1.2 V, corresponds to the reduction of Nis*
to Ni%* [37]. For B—Ni(OH); nanocubes, the peak in the anodic scan was
shifted to a slightly higher potential value compared to f—Ni(OH),
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Fig. 3. TEM of p-Ni(OH), nanostructures (a) NF (b) NC and (c) NS.

Table 1
Summary of electrochemical parameters for the synthesized electrocatalysts
evaluated in 1 M KOH and 1 M KOH + 0.33 M urea. The double layer capaci-
tance, electrochemically active surface area (ECSA) and Tafel slope were
assessed.

Catalyst Cq1 (mF ECSA Current Tafel Tafel
cm™2) (cm?) Density at slope slope
1.6V OER UOR
for UOR (mA (mV (mV
em~2)gesa dec?) dec?)
p—Ni(OH), 0.0098 0.245 20.6 309.7 94.7
nanoflowers
p—Ni(OH), 0.0127 0.316 28.3 212.4 72.6
nanosheets
p—Ni(OH), 0.1311 3.278 2.7 295.9 98.8
nanocubes

nanosheets and nanoflowers. On the other hand, the peak for p—Ni(OH)»
nanocubes and nanosheets in the cathodic scan is shifted to lower po-
tentials at 1.18 V and 1.15 V, respectively. The differences in AE be-
tween morphologies are indicative of the accessibility to the active sites
by the reagents.

The UOR performances of nickel hydroxide catalysts were evaluated
in 1 M KOH with 0.33 M urea following literature methodologies. Fig. 5
shows the increased current density in the presence of urea in all the
synthesised f—Ni(OH); electrocatalysts, indicative of the occurrence of
a new electrocatalytic process. The sharp increase in the anodic current
is due to oxidation of urea, which coincides with the oxidation of Ni** to
Ni%*, leading to the formation of NiOOH active sites for UOR. In terms of

the reduction process, there is a decrease in intensity of the reduction
peak in the presence of urea, due to the consumption of NiOOH during
the chemical reduction process occurring during the second step of urea
oxidation eq (5).

Furthermore, Fig. 5 shows the linear sweep voltammetry curves of
the different samples to compare the performance in the presence or
absence of 0.33 M urea. The collected LSVs show the anodic oxidation
peaks indicating the conversion of B-Ni(OH); to B-NiOOH in the
absence of urea, and the almost negligible electrocatalytic peak for OER
at higher overpotentials. As expected, the addition of urea distinctly
increases the current density in all samples indicating an electrocatalytic
response to UOR. Compared to f—Ni(OH), nanosheets and nanoflowers,
which display higher activity for UOR, the catalytic current response of
B-Ni(OH), nanocubes is significantly lower under the same applied
potential as it is shown in Fig. S4, suggesting that p—Ni(OH), nanocubes
requires significantly higher overpotentials due to lack of accessible
active sites. The results normalized based on Cdl are also given in Fig. S5
for reference where the same results can be drawn. It is important to
remember here that all samples have the same crystal phase and the
main difference is the exposed crystalline facets as a consequence of
different morphologies. As shown in Fig. 5d and Table 1, p—Ni(OH)y
nanosheets exhibits a higher current density of 3.5 mA cmi;ZCSA at1.40V,
compared to 3.5 mA cmi.;z(;SA at 1.71 V of p—Ni(OH), nanocubes. The
drastic variations in the current densities (based on ECSA) of cubes,
sheets, and flowers are highly likely due to the different morphologies
that expose distinct crystal planes. Moreover, the crystal planes of p—Ni
(OH); contain different density levels of exposed Ni2+, which is an in-
tegral part of the urea oxidation mechanism [38]. This deserves a
dedicated study in the future.
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In addition, Tafel slopes were calculated to study the reaction ki-
netics under OER and UOR conditions. 3—Ni(OH), nanosheets possess
the lowest Tafel slope of 212.4 mV dec! among the three catalysts for
OER activities (Fig. 6a). The values were higher for p—Ni(OH), nano-
flowers (309.7 mV dec!) and f—Ni(OH)3 nanocubes (295.9 mV dec™.
In terms of the slopes obtained in the presence of urea (Fig. 6b, Table 1),
all three morphologies feature much smaller values when compared to
OER, which is expected, considering that UOR is a less demanding re-
action and, therefore, the kinetic rates are larger. In addition, the same
trend as in OER is observed where the fastest kinetics for UOR, corre-
sponding to the smallest Tafel slope, are found for the B—Ni(OH),

nanosheet morphology, with a slope of 72.6 mV dec™.

When comparing this result with the ECSA normalized current
density for UOR, Fig. S4 shows that the overpotential required for UOR
is quite similar for nanoflower and nanosheet morphologies. Moreover,
when comparing the slopes between nanosheet and nanoflowers (72.6
vs 94.7 mV dec’!), we can conclude that the nanosheets have a higher
intrinsic UOR catalytic activity.

To further investigate the electrocatalytic UOR kinetics of nickel
hydroxide, we carried out electrochemical impedance spectroscopy
(EIS) measurements at a constant potential of 1.40 V, corresponding to
an overpotential > 150 mV as suggested in the literature [36]. An
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equivalent circuit (shown in the inset of Fig. 7) for modelling the
Faradaic impedance for urea electro-oxidation was used to extract the
kinetic parameters of the catalysts in UOR. The impedance spectrum is
fitted to the best-fitting equivalent circuit (R;, Ro/CPE;, R3/CPEy) pre-
viously reported for urea oxidation [39-41]. The parameters of circuits,
which were extracted via EIS spectrum analyzer [42], were given in
Table S2. The best-fitting equivalent circuit describes two charge
transfer processes in addition to solution resistance, including the for-
mation of NiOOH and urea degradation, as shown previously in eq (4)
and (5). In this electrical circuit, R; (Rs) indicated the resistance of the
solution between working electrode and reference electrode. The first
charge transfer mechanism with Ry/CPE; is related to the electro-
chemical formation of NiOOH, whereas Rs3/CPE;is related to the
chemical oxidation of urea. Based on the fitted data (Table S2), R3 values
are much smaller compared to R for all the morphologies. This shows
that the electrochemical formation of Ni>* active sites is predominant in
each case. When comparing the different morphologies, nanosheets

have a significantly smaller charge transfer resistance Ry/CPE; -
compared to the other two morphologies (cubes and flowers) at 121,
208, and 222 Q, respectively. Using the Nyquist Z, -7/ plots as shown
is Fig. 7, it is clear that f—Ni(OH), nanosheets exhibits smaller diameter
of the semicircle, attributed to lower faradaic impedance in the catalyst.

To further provide evidence for different activity relative to the
specific morphology, the electrochemical stability was investigated by
chronopotentiometry under a constant current density of 20 mA cm ™2 in
1 M KOH and 0.33 M urea. It is important to note that the current density
corresponds to the geometric area and not the ECSA normalized current,
therefore it is expected that similar potentials are obtained (see Fig. S4).
Fig S6 provides a direct comparison where only a negligible change is
observed during a period of 8 h, suggesting the good stability of both
f—Ni(OH); nanosheets and p—Ni(OH); nanocubes. As for the B—Ni
(OH); nanoflowers, the potential gradually increases with spikes
appearing after ca. 4 h due to the disintegration of nanoflower
morphology [39].

Conclusion

In this work, B—Ni(OH); electrocatalysts featuring nanoflower,
nanosheet, and nanocube morphologies were synthesized by a hydro-
thermal approach using different synthetic parameters and reaction
times. The size and morphology of the synthesized catalysts were
investigated by SEM and TEM, and the results confirmed the formation
of nanoparticles with the targeted morphologies, with different shapes
and sizes. The ECSA normalized current density show similar results for
nanosheet and nanoflower, and a clear reduction in activity for the
nanocubes, which is drastically different from the results obtained by
geometric area. This shows the importance of using ECSA as surface area
for comparison. The nanosheets morphology of f—Ni(OH), expose far
more active sites than the other morphologies, leading to better UOR
activity in the presence of urea. EIS results further demonstrate that
nanosheets have the least charge transfer resistance, while nanoflowers
and nanocubes show similar values. Overall, the electrochemical results
prove that electrocatalyst morphology has a significant effect on the
catalytic activity in p—Ni(OH); and this has direct implications on the
preparation of nanostructured electrocatalysts for urea oxidation, as
well as for water oxidation. Only by combining the results of ECSA-
normalised current density, tafel plots and EIS, relevant conclusions
on structure-activity relationship can be drawn. The electrocatalytic
activity of f—Ni(OH); for UOR can be significantly improved by chem-
ical modification of the catalysts, but attention to different morphologies
needs to be investigated to ensure optimum intrinsic activity and
number of exposed active sites for catalysis. UOR represents a good
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alternative to OER as a source of electrons for the production of green
hydrogen, while also being a good anodic reaction in urea-rich waste-
water sources.
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