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1. Introduction

The growing global demand for clean and sustainable energy has inten-
sified research into hydrogen (H2) as a high-energy, carbon-free fuel.

[1]

Electrochemical water splitting is widely
regarded as a promising technology for H2 gen-
eration, as it directly converts electrical energy,
preferably from renewable sources, into chemi-
cal energy stored in molecular hydrogen.[2]

However, the overall water-splitting process is
kinetically hindered by the sluggish oxygen
evolution reaction (OER) at the anode, which
requires a high overpotential (typically >1.6 V
vs. RHE) due to the complex four-electron
transfer mechanism.[3] This kinetic bottleneck
significantly reduces the overall energy effi-
ciency of electrolytic hydrogen production and
increases operational costs.[4]

In recent years, urea electrolysis has emerged
as an attractive alternative anodic process to
replace OER.[5,6] The urea electrooxidation reac-
tion (UOR) (Equation (1)) possesses a much
lower thermodynamic potential (0.37 V vs.
RHE) than OER (1.23 V vs. RHE), offering the
possibility to substantially reduce the overall cell
voltage for hydrogen generation.[7–9] By cou-
pling the hydrogen evolution reaction (HER) at
the cathode with UOR at the anode, the total
energy input can be decreased by up to
30–40%, thus improving the economic viabil-
ity of electrochemical hydrogen production.[4,6]

6OH� þ NH2ð Þ2 CO ! 5H2Oþ N2 þ CO2

þ 6e�

(1)

Beyond energy efficiency, urea electrolysis
provides an additional environmental benefit. Urea is a major constitu-
ent of various waste streams, particularly from agricultural runoff and
municipal wastewater. The oxidative decomposition of urea not only
generates hydrogen but also contributes to wastewater remediation by
removing nitrogenous pollutants that can cause eutrophication.[10,11]
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Integrating urea electrolysis into wastewater treatment systems represents a
promising strategy to couple hydrogen production with environmental
remediation. Nickel-based materials are among the most efficient non-precious
catalysts for the urea oxidation reaction under alkaline conditions, yet Ni scarcity
and its potential toxicity call for more sustainable alternatives. After
demonstrating that Ni hydroxide recovered from wastewater is a good urea
oxidation reaction catalyst, in this work, we report a fundamental and systematic
study about urea oxidation reaction catalysts based on manganese-doped nickel
hydroxide obtained through a synthesis route that mimics Ni recovery from
wastewater to enhance the urea oxidation reaction performance. Thus, it offers
both catalytic performance and circular-material benefits. A comprehensive
characterization of the Ni(OH)2-based materials by experimental techniques,
such as X-ray diffraction, scanning electron microscopy, X-ray absorption, and
X-ray photoemission spectroscopy, combined with DFT theoretical calculations
has revealed that Mn incorporation modifies the hydroxide structure, introduces
ions in the +3 oxidation state, and promotes the formation of catalytically active
NiOOH species. Mn dopants induce a favorable electronic effect through an
indirect participation in the urea oxidation reaction mechanism involving
oxidation state variation but not direct chemical bond formation. The reaction
intermediates are in part different from those reported in previous literature. At
a given potential, Mn doping enhances the overall urea oxidation rate, resulting
in increased hydrogen evolution at the cathode. These findings point to a novel
mechanistic understanding of the Mn-dopant role through its ability for an
easier change to higher oxidation states than Ni ions, which reflects in a more
favorable energetics of NiOOH formation and an improved urea oxidation
reaction catalysis based on circular earth-abundant elements.
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Therefore, integrating urea electrolysis into wastewater treatment sys-
tems could simultaneously address both energy and environmental
challenges, advancing the goals of sustainable development.

Despite these advantages, the practical implementation of UOR
remains challenging. The reaction involves multiple proton-coupled
electron transfer steps, leading to the formation of intermediates such
as *CO, *NH2, and *NCO, which can poison the catalyst surface and
hinder reaction kinetics.[12] As a result, the design of highly active,
selective, and stable electrocatalysts for UOR is a central focus of current
research. Transition metal-based materials (TMs), including Ni, Co, and
Fe oxides, hydroxides, and phosphides, have demonstrated promising
activity in alkaline media due to their favorable adsorption energies for
urea and intermediates.[8,12–15] Among all TMs, Ni-based materials are
the most effective non-precious catalysts for UOR in alkaline condi-
tions, although the measured onset potentials (about +1.4–1.5 V) are
still far above the theoretical value (+0.37 V) due to the slow kinetics
of CO2 release.[16] Ni has limited availability and is also a water con-
taminant, but, interestingly, it can be removed from wastewater in the
form of solid Ni(OH)2, which is the best cost-effective reported UOR
catalyst.[17] Recently, we have demonstrated that recovered Ni from
electroless nickel plating wastewater in the form of solid Ni(OH)2 can
be used as efficient UOR catalysts in hybrid anion exchange membrane
water electrolyzers.[18] In addition, the life cycle assessment (LCA) con-
firms that coupling urea oxidation with recycled nickel catalysts signifi-
cantly lowers the CO2-equivalent footprint of hydrogen production,
demonstrating the effectiveness of this circular and energy-efficient
approach.

However, the activity of this recovered Ni-based UOR catalyst could
be improved to decrease the onset potential, which is still far above the
theoretical value. Among the strategies to improve catalysts’ activity,
doping is a highly effective strategy to enhance the activity, stability,
and kinetics of Nickel-based UOR electrocatalysts by regulating their
electronic structure, promoting active phase reconstruction, and increas-
ing the number of active sites.[19–22] In addition, this strategy can be
easily incorporated during the Ni recovery process.

However, optimizing catalyst structures to suppress side reactions
and improve long-term stability and understanding the detailed
reaction mechanisms remain critical scientific and engineering
challenges.[23]Experimental studies have proposed various mechanistic
pathways, including both direct and indirect routes towards N2 forma-
tion, but a unified mechanistic picture is still lacking.[16,17,24,25]

Density functional theory (DFT) has become an indispensable tool
for probing the atomic-scale mechanisms of UOR and guiding catalyst
design. DFT calculations provide insights into adsorption energies, reac-
tion barriers, and the thermodynamics of intermediate species, which
are often inaccessible through experiments alone. Theoretical studies on
UOR have predicted different mechanisms (see Table S1, Supporting
Information, for a summary of the existing works). Some confusion is
related to the use of different β-NiOOH phases (e.g., L and S) or surface
models. For instance, Daramola et al. proposed that the CO2 desorption
is the rate-determining step for NiOOH using a very simplified molecu-
lar model and the B3LYP functional, while Zhang et al., based on
PBE+U+D3 calculations and (100) NiOOH surface, suggested that
the oxidation of *NH2 to *NH or the N2 desorption determines the
overall rate for NiOOH or NiOO surfaces, respectively.[26,27] Subse-
quent studies found a similar UOR mechanism for NiOOH (0001) sur-
face but with a different N-H bond breaking potential-determining step
(PDS). For example, Zheng et al. suggested that the PDS is the fourth
dehydrogenation step from *CON2H to *CON2 based on PBE+U

calculations on (0001) surface of S phase of NiOOH while Jin et al.
proposed that the PDS is the second dehydrogenation step from
*CON2H3 to *CON2H2 according to their PBE+U+D3 calculations
on (0001) surface of U phase of NiOOH and Mn doping slightly
increases this overpotential.[28,29] Qin et al. found that the formation of
O vacancies induced by vanadium doping shifts the rate-determining
step of the UOR from *COOH deprotonation to the oxidation of *NH2

to *NH.[30] Chen et al. suggested that the PDS is the fourth dehydroge-
nation step from *CON2H to *CON2 based on PBE+D3 calculations
on (0001) surface of S phase of Mo-doped NiOOH with the presence
of O vacancies.[31] Therefore, the actual UOR mechanism is still under
debate and might depend on the transition metal doping.

In this context, aiming at enhancing the performance of the
Ni-based catalysts from circular nickel reported in our previous
work,[18] we have performed a fundamental and systematic study about
the effect of manganese doping, an environmentally friendly element.
We have prepared nickel hydroxide samples without and with different
Mn doping content by the same method used for the recovery of Ni
from wastewater in collaboration with Circular Materials s.r.l.[32] For
this study, we employed a synthetic Ni precursor, which allowed for
better control over the final composition and enabled a more systematic
investigation of Mn doping, since we confirmed that the electrochemi-
cal performance of synthetic and recovered Ni(OH)2 were comparable.
These materials have been characterized by combining experimental
techniques with theoretical calculations (Grimme-corrected hybrid
functional HSE06-D3) to achieve a highly accurate structural and elec-
tronic description of the materials under investigation, given the known
limitations of DFT+U approach for this system.[33–36] Materials with
different degree of Mn doping have been tested as UOR catalysts in
comparison with the undoped system. Theoretical and experimental
studies have also been combined to determine the role of Mn in the
enhancement of the UOR activity and elucidate the mechanistic path-
ways of UOR. In this way, we aim to study the underlying mechanism
and provide insights at the electronic and molecular levels for the ratio-
nal design of sustainable, efficient, and durable urea oxidation catalysts.
Results have demonstrated that Mn ions incorporated into the nickel
hydroxide structure cause an electronic effect on the Ni ions, facilitating
the formation of NiOOH under catalytic conditions, which is the UOR
active phase, but not changing the reaction mechanism with the over-
potential significantly decreased.

2. Results and Discussion

2.1. Morphological and Structural Characterization

The morphology of the synthesized hydroxides was examined using
scanning electron microscopy (SEM). As shown in Figure 1a,b, the
undoped nickel hydroxide consists of particles with irregular shapes
and a broad size distribution, ranging from hundreds of nanometers to
several hundred micrometers. The incorporation of Mn into the precur-
sor solution does not significantly alter the particle morphology or size
distribution (Figure 1c–h). This wide distribution can be directly attrib-
uted to the chosen synthesis method, which yields large amounts of
material (�10 g) within a short reaction time (20min). During this
rapid synthesis, nucleation and growth occur almost simultaneously
over a few minutes, resulting in particles of widely varying dimensions.
The morphology of the synthetic materials resembles that of the recov-
ered ones from wastewater using the same method.[18] Compared to
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more conventional approaches such as hydrothermal synthesis, our
method is cost-effective, easily scalable for large-scale production, and
suitable for generating substantial material quantities. However, it does
not offer precise control over particle size and morphology.[37,38]

To assess the effectiveness of metal doping, energy-dispersive X-ray
spectroscopy (EDS) and inductively coupled plasma mass spectrometry
(ICP-MS) were performed. Table S2, Supporting Information, presents
the atomic composition and Mn:Ni ratios obtained from both tech-
niques. The results indicate that the atomic Mn:Ni ratios closely match
the nominal values in all samples, confirming that our synthesis
approach allows for reliable control over material composition.

The structure of the nickel hydroxide and the possible presence
of secondary phases were investigated by X-ray diffraction (XRD) (Fig-
ure 2a). The XRD pattern of the undoped sample exhibits diffraction
peaks at 19.3°, 33.1°, 38.6°, 59.1°, 62.8°, 69.4°, and 70.4°, corre-
sponding to the (001), (100), (101), (110), (111), (200), and (103)
planes, respectively, which are characteristic of the β-Ni(OH)2
polymorph.[39] Additionally, a peak at 53.1°, assigned to the (210)
plane of the α-Ni(OH)2 polymorph, indicates the coexistence of both
α- and β-phases, with β-Ni(OH)2 being predominant.[39–41] This coex-
istence is commonly observed and is attributed to the lamellar structure
of the material, which allows intercalation of water molecules within
the ab-plane. Variations in the degree of hydration across the structure
can lead to an interstratification phenomenon, in which both poly-
morphs coexist at the nanoscale.[39] The XRD patterns of the Mn-doped
samples show the same set of reflections as the undoped sample, with
no additional peaks corresponding to segregated Mn phases. This con-
firms that manganese is successfully incorporated into the Ni(OH)2
structure. Further evidence of Mn incorporation is provided by a sys-
tematic shift of the diffraction peaks to higher angles with the Mn
amount (Figure 2b), which is consistent with the substitution of nickel
ions (Ni2+, 0.69 Å) by manganese ions (Mn3+, 0.645 Å), inducing a
contraction of the crystal lattice that becomes more pronounced when

increasing the Mn content.[42,43] In addition to this ionic-size effect,
two further contributions likely reinforce the lattice contraction. First,
Mn3+–O bonds are expected to be more covalent than Ni2+–O bonds
because of the higher formal charge of Mn3+ (deduced from XAS anal-
ysis, see below), which increases the polarization of the metal–oxygen
bond. It should be noted that the incidence of the bond covalency can
be relevant enough to completely subvert the expected trend based on
ionic radii alone.[44] Second, the Jahn–Teller activity of high-spin Mn3+

introduces local distortions of the octahedra. In our case, however, the
XRD peak shift indicates that the overall contraction of the average
structure is the dominant effect, while Jahn–Teller distortions remain a
more local perturbation.

The diffraction peaks of the Mn-doped samples also exhibit reduced
intensity compared with the undoped nickel hydroxide, indicating
lower crystallinity.[45] Moreover, the (100) reflection broadens pro-
gressively with increasing Mn content (Figure 2b), suggesting a reduc-
tion in crystallite size upon doping.[42] This trend is quantitatively
supported by the crystallite sizes calculated using the Scherrer equation,
reported in Table S3, Supporting Information. As anticipated, the crys-
tallite size decreases from 10.4 nm for the undoped sample to 4.8 nm
for the sample with the highest Mn content.

To gain further insight into the nickel hydroxide structure and the
oxidation states of Ni and Mn ions, X-ray absorption spectroscopy
(XAS) was performed on the undoped sample and the one with the
highest Mn content. Figure 2c,d show the X-ray Absorption Near Edge
Structure (XANES) and the corresponding phase uncorrected
Fourier-transformed Extended X-ray Absorption Fine Structure (FT-
EXAFS) spectra at the Ni K-edge for both samples. The Ni K-edge XAS
spectra of the Ni(OH)2 and 8Mn-Ni(OH)2 samples closely resemble
that of the Ni(OH)2 reference standard, confirming that the local struc-
ture remains consistent and that nickel is present in the +2 oxidation
state, as expected. The main difference observed in the XANES region
upon Mn doping is an increase in the intensity of the white line (peak

Figure 1. Representative SEM images of a, b) Ni(OH)2; c, d) 3Mn-Ni(OH)2; e, f) 5Mn-Ni(OH)2; and g, h) 8Mn-Ni(OH)2 samples at two different
magnifications. The scale bar is 50 μm in (a–d) and 3 μm in (e–h).
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around 8350 eV). This enhancement indicates a perturbation of the
electronic structure of Ni due to Mn incorporation, specifically reflect-
ing a higher number of unoccupied Ni 3d states.[43,46] Mn incorpora-
tion modifies the local electronic structure through differences in
electronegativity and preferred coordination chemistry between Mn
and Ni. This affects the degree of Ni–O–M (M=Ni, Mn) hybridization,
leading to a redistribution of electron density within the metal–oxygen
network.[47] As a consequence, Ni sites become more electron-
deficient, which is directly reflected in the increased white line inten-
sity. This effect is also observed in the slight shift of the absorption edge
of the 8Mn-Ni(OH)2 sample, which suggests the formation of some
Ni3+-like sites, as already reported in the literature.[46,48]

The FT-EXAFS spectra of the Ni(OH)2-based samples display a
prominent peak at �1.6 Å, corresponding to Ni–O interactions, and
another one at �2.76 Å, attributed to Ni–Ni or Ni–Mn
coordination.[43,46] In the Mn-doped sample, the second peak slightly
shifts to a lower radial distance (2.73 Å) (Figure S1, Supporting Infor-
mation), which is consistent with the lattice contraction observed in
the XRD analysis.[49] This trend is also supported by the bond distances
obtained from the EXAFS fit and by literature reports showing that
Ni–O and Ni–M bond lengths shorten upon Mn doping.[46] The
parameters obtained from the fit are summarized in Table S4, Support-
ing Information, while the fit is included in Figure 2d. As anticipated,

the Ni–O and Ni–M bond lengths tend to shorten when Mn3+ substi-
tutes Ni2+, being 2.061 and 3.106 Å, respectively, in the 8Mn-Ni
(OH)2 sample with respect to 2.066 and 3.126 Å in Ni(OH)2. This
result is consistent with the analysis of XRD data presented above.

Analysis of the Mn K-edge XANES spectrum (Figure 2e) indicates an
average oxidation state of +3.17 for Mn (see inset in Figure 2e), which
indicates the presence of Mn3+ ions in the bulk structure of Ni(OH)2.
An oxidation state slightly higher than +3 can be attributed to the par-
tial presence of Mn4+ species at the nanoparticle surface, formed via
oxidation of Mn3+ upon air exposure (see XPS analysis below). Previ-
ous studies have shown that Mn3+ ions can substitute Ni2+ in the
Ni(OH)2 lattice, leading to an excess of positive charge in the hydrox-
ide layers.[43,46] This charge imbalance is compensated by the intercala-
tion of anions between the layers.[46] The Mn K-edge FT-EXAFS
spectrum (Figure S1, Supporting Information) exhibits a peak at
�1.44 Å, corresponding to Mn–O interactions, and a second peak at
�2.79 Å, associated with Mn-Ni/Mn coordination.[46]

The experimental results obtained for the undoped and Mn-doped
nickel hydroxides were combined with density functional theory (DFT)
calculations to confirm that +3 is the most stable oxidation state of Mn
in the Ni(OH)2 structure. The atomic structure of the (0001) surface
of β-Ni(OH)2 without/with 6.25% Mn doping for the unit cell was
modeled using four-layer slabs with 4M (M=Ni and Mn) atoms per

Figure 2. a) XRD patterns of the nickel hydroxide–based samples; b) detail of the (100) diffraction peak; c) XANES, and corresponding d) FT-EXAFS spectra
at the Ni K-edge for the Ni(OH)2 and 8Mn-Ni(OH)2 samples; e) XANES region at the Mn K-edge for 8Mn-Ni(OH)2; and f, g) side and top view of (0001)
facet of the four-layer slabs of β-Ni(OH)2, without (f) and with 25% Mn doping in the top layer (6.25% for the unit cell; in the Mn-doped model 1 OH was
added to have charge balance due to the 3+ charge of the Mn ion) (g). XRD patterns in (a) are normalized with respect to the (001) peak intensity. The
references used for the determination of the Ni and Mn oxidation state are also shown in (c) and (e). The inset in (c) is the detail of the absorption edge,
while the one in (e) shows the determination of the oxidation state of Mn. In (f) and (g), the gray, purple, red, and pink balls represent Ni, Mn, O, and H
atoms, respectively.
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layer. The atomic positions of the two topmost layers were optimized,
with the optimized structures shown in Figure 2f,g. Based on our cal-
culations, Mn exhibits a +3 valence state in Mn-doped β-Ni(OH)2, in
line with the XAS results. The presence of Mn3+ in β-Ni(OH)2, which
has a higher oxidation state than Ni2+, is compensated by the intercala-
tion of OH� species into the interlayers of Mn-doped β-Ni(OH)2
(between the top and second layers) to maintain charge neutrality, con-
sistent with experimental observations that Ni atoms are in a +2
valence state for both undoped and Mn-doped Ni(OH)2. Comparison
of the optimized structures of the undoped (Figure 2f) and Mn-doped
(Figure 2g) systems reveals a pronounced distortion in the top layer of
the Mn-doped case. This structural distortion originates from the com-
bined effects of the altered charge distribution within the metal sublat-
tice and the presence of the additional OH� ligand.

The oxidation states of nickel and manganese at the nanoparticle sur-
face were determined by X-ray photoelectron spectroscopy (XPS).
Figure S2, Supporting Information, shows the Ni 2p3/2 and Mn 2p
regions for both undoped and Mn-doped samples. All samples exhibit
the same Ni 2p spectrum, which is characteristic of Ni(OH)2.

[50,51] To
further confirm the exclusive presence of Ni(OH)2, the Ni 2p spectrum
was deconvoluted using seven components corresponding to various
features associated with nickel hydroxide, such as peak asymmetry,
multiplet splitting, shake-up satellites, and plasmon loss structures
(Figure S2a, Supporting Information).[45,50,51] A good fit was achieved
using only these components, confirming the absence of other nickel-
containing phases, in agreement with the XRD results. Consequently,
no additional components were included in the analysis. The Mn 2p
region is presented in Figure S2b, Supporting Information. As expected,
the intensity of the Mn signal increases with higher doping levels.
However, it is important to note that the Ni L2M23M45 Auger peak
overlaps with the Mn 2p region, which can compromise the accuracy
of the analysis, especially at lower Mn concentrations.[52] Therefore,
only the spectrum of the sample with the highest Mn content was ana-
lyzed in detail. This analysis reveals the presence of Mn4+ at the surface
of the particles, consistent with the oxidation of Mn3+ upon exposure
to air, and in agreement with previous works.[46] This finding supports
the XANES results, which also indicate the presence of a small fraction
of Mn4+. The high Mn3+/Mn4+ ratio observed in the material can be
explained by considering the material’s morphology. The particle size
obtained through our synthesis method is relatively large, often reach-
ing several microns. As a result, the ratio of bulk to surface Mn is high,
which agrees with the observed Mn3+/Mn4+ ratio.

The Mn:Ni surface ratio of the nanoparticles was determined by ana-
lyzing the Ni 2p and Mn 2p regions and applying the corresponding
sensitivity factors. The results, summarized in Table S2, Supporting
Information, are in close agreement with the nominal ratio as well as
with values obtained from ICP-MS and EDX analyses. This consistency
suggests a homogeneous distribution of Mn throughout both the bulk
and the surface of the material, effectively ruling out any metal
segregation.

2.2. Electrochemical Characterization and Mechanistic Studies

Initially, the samples were tested in the absence of urea to determine
the electrochemical surface area (ECSA), used to normalize the current
and determine the catalysts’ intrinsic activity, and to investigate any
potential effect of Mn on the Ni2+/Ni3+ redox potential. Figure 3a pre-
sents the cyclic voltammograms (CVs) recorded without urea for all

samples. The ECSA values, calculated from the Ni2+/Ni3+ reduction
peak, are reported in Table S5, Supporting Information.

In the CVs shown in Figure 3a, an oxidation peak between 1.4 V
and 1.5 V, corresponding to the oxidation of Ni2+ to Ni3+, and the
associated reduction peak at approximately 1.3 V are observed for all
samples.[53] The oxidation of Ni2+ in Ni(OH)2 leads to the formation
of the NiOOH phase, which is widely recognized as the active species
in UOR.[54] A gradual shift of the Ni2+/Ni3+ oxidation peak towards
lower potentials is observed with increasing Mn content, indicating that
Mn facilitates the oxidation of Ni species. This behavior is attributed to

Figure 3. a) CVs in N2-saturated 1 M KOH; b) LSVs in N2-saturated 1 M KOH
and 1 M KOH+ 0.33 M Urea; and c) Tafel analysis for all the nickel
hydroxide–based catalysts. Current in (a) and (b) is normalized by ECSA.
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an electronic effect induced by Mn3+ on Ni2+, as also suggested by
XANES analysis. To support this hypothesis, we calculated the energy
required for the Ni2+ to Ni3+ oxidation (β-Ni(OH)2→ β-NiOOH),
with results reported in Table S6, Supporting Information. In addition,
the model of NiOOH, with and without Mn, is also described in the
Figure S3, Supporting Information. The calculations show that Mn dop-
ing significantly lowers the oxidation energy from 9.9 eV to 9.1 eV, a
reduction of approximately 8%, which aligns well with the experimen-
tal observation of the redox peak shift to lower potentials upon Mn
incorporation.

Figure 3b displays the linear sweep voltammograms (LSVs) recorded
within the potential window relevant to the UOR in the absence and
presence of urea. In the absence of urea, the oxidation current observed
at potentials above 1.6 V is attributed to the oxygen evolution reaction
(OER). A moderate improvement in OER activity is observed upon Mn
doping. All Mn-containing samples exhibit better performance com-
pared with the undoped Ni(OH)2, as evidenced by increased current
densities and a shift of the onset potential towards lower values with
increasing Mn content. A detailed study of the effects of Mn doping on
the OER activity is reported in our work, currently under revision.[55]

In the presence of urea, a significant shift in the onset potential—up
to 150mV for the 8Mn-Ni(OH)2 sample—is observed in Mn-doped
materials compared to their OER onset (absence of urea). This shift
aligns with the onset of the Ni2+/Ni3+ redox peak, confirming that
Ni3+ species, in the form of NiOOH, act as the catalytically active sites
during UOR. Furthermore, Mn-containing samples reach higher cur-
rent densities in the presence of urea, reinforcing the role of Mn in
enhancing catalytic activity via its electronic influence on Ni. Accord-
ingly, an increase in UOR performance is observed with increasing Mn
content. This trend is consistent with previous reports in the literature,
where Mn incorporation led to an onset potential shift of approximately
40mV.[56,57] By contrast, in the present study, the shift increases with
Mn content, reaching up to 150mV for the 8Mn-Ni(OH)2 sample.
Tafel slopes for UOR were determined and are reported in Figure 3c
and Figure S4, Supporting Information. Values obtained are very similar
for all the samples (�30mV dec�1) and agree with the ones reported
in the literature.[8] The similarity of these values implies a similar reac-
tion mechanism with the same rate-determining step (RDS) for all the
samples. Only the sample with the highest amount of Mn shows a
slightly lower Tafel slope (18mV dec�1) than the other materials, sug-
gesting fast charge transfer and more favorable kinetics thanks to the
Mn effect. Electrochemical impedance spectroscopy (EIS) measurements
under UOR conditions confirmed the lower charge transfer resistance
in 8Mn-Ni(OH)2 than in Ni(OH)2 (Figure S5, Supporting Informa-
tion). Unfortunately, to the best of our knowledge, theoretical Tafel
slope values have not been reported and assigned to specific elementary
steps yet for UOR. Therefore, we cannot relate our Tafel slope values to
specific UOR elementary steps.

To address this gap and correlate the experimentally obtained Tafel
slopes with the PDS, we investigated the reaction under alkaline condi-
tions using DFT calculations, thus gaining deeper insights into the
UOR mechanism and the role of Mn incorporation. The pathway con-
sidered involves the oxygen vacancy site of β-NiOOH as the active cen-
ter, following previous studies reported in the literature (see Table S1,
Supporting Information).[12,58] Additionally, experimental evidence
confirms that N2 production is governed by an intramolecular mecha-
nism rather than intermolecular N–N bond coupling.[25] Based on this,
we propose the UOR pathway illustrated in Figure 4 and summarized
in Table 1. As shown in Figure 4a, the CONH2NH2 molecule initially

dissociatively adsorbs onto the oxygen vacancy site of NiOOH surface
by filling it with the carbonyl O atom, with a favorable reaction free
energy of approximately �1.97 eV (Step 1, Table 1). During structural
optimization, one proton from one NH2 is spontaneously transferred to
the surface and binds to a nearby oxygen atom, stabilizing the system
without the formation of radical species (*CONH2NH_H). Subse-
quently, the adsorbed intermediate undergoes a sequence of deprotona-
tion and dehydration steps, transitioning through the *CONH2NH,
*CONH2N, *CONHN, and *CONN intermediates. Among these, the
fourth dehydrogenation step (*CONHN→ *CONN) is the most ender-
gonic, with an energy increase of 2.26 eV, and is identified as the PDS
(Step 5, Figure 4 and Table 1). This finding aligns with experimental
observations indicating that N–N bond formation (Step 7, Figure 4) is
not the rate-limiting.[25] Indeed the N–N bond is formed in the next
step going from *CONN to *CON2. The N2 release leaves a physi-
sorbed *OC which, after atomic rearrangement, becomes chemically
adsorbed as *CO. An OH� ion is then oxidized and binds to the *CO
intermediate to form *COOH. Finally, the *COOH species undergoes
deprotonation to produce H2O and CO2, releasing a significant amount
of energy. This exoergonic step is likely associated with CO2 formation,
given to the large energy consumption for the deprotonation and dehy-
dration during steps 2–5.

After analyzing the UOR mechanism in the undoped system, we
then focused on the case of the Mn-doped system. Specifically, we
investigated the UOR mechanism on the Mn-doped NiOOH (0001)
surface, with a doping concentration of 6.25% Mn per unit cell. We
put Mn in different configurations (Figure S6, Supporting Informa-
tion). When it is in the Mn1 configuration, we register the lowest oxy-
gen vacancy formation energy, as detailed in the SI (Table S7,
Supporting Information). The reaction pathway for this Mn-doped sys-
tem, illustrated in Figure 4b and summarized in Table 1, reveals a nota-
ble reduction in overpotential, from 1.89 V in the undoped case
(calculated as 2.26–0.37 V, where 0.37 V corresponds to the minimum
thermodynamic potential required for UOR) to 1.50 V upon Mn dop-
ing. Step 5 (*CONHN → *CONN) remains the PDS, as for the
undoped system, in good agreement with experimental results that
indicate that the presence of Mn dopants does not change the RDS. This
computational result confirms that Mn doping significantly enhances
the UOR activity of NiOOH by decreasing the overpotential but with-
out altering the rate-limiting step. Considering the experimental Tafel
slope values obtained for the undoped and doped samples, we can
assume that values between 18 and 30mV dec�1 are associated with
the fourth dehydrogenation step (*CONHN→ *CONN) as RDS.

We have analyzed the oxidation states on the metal atoms in the top
layer for intermediates *CONHN and *CONN and found that, while
two Ni ions (out of four in the top layer) are oxidized to Ni3+ in the
undoped catalyst, all Ni ions are +2 with the Mn ion being +4 in the
Mn-doped catalyst (see Table S8, Supporting Information). This situa-
tion favors the stability of these intermediates in the doped case with
respect to the undoped one, but the effect is larger for *CONN that
explains the reduction in the overpotential. Furthermore, we observe
that Mn doping strongly promotes the adsorption of the urea molecule,
as recently reported in the literature.[29] The reaction free energy for
Step 1 increases from �1.97 eV in the undoped β-NiOOH-U system to
�2.94 eV in the Mn-doped case, further contributing to the improved
UOR performance.

Although the cost to form the O vacancy is higher, we also investi-
gated the catalytic activity for the other three Mn doping sites since it
could potentially be superior. On the contrary, we found that the
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overpotential is not as low as for Mn1 (see Table S9 and Figure S7, Sup-
porting Information).

Since XRD analysis revealed that the sample consists of a mixture of α-
and β-Ni(OH)2, with the β-phase being predominant (Figure 2a), we
extended our mechanistic investigation to the γ-NiOOH phase. This
phase originates from the electrochemical oxidation of α-Ni(OH)2, and
the corresponding results are provided in the ESI (Table S10, Supporting
Information). As shown in Figure S8, Supporting Information, Mn1-
doped γ-NiOOH displays an UOR overpotential comparable to that of
Mn1-doped β-NiOOH-U, without affecting the rate-limiting step. These
results indicate that the initial Ni(OH)2 phase does not affect the UOR
mechanism.

2.3. Products’ Analysis

As a proof of concept, rotating ring-disk electrode (RRDE) measure-
ments were conducted to determine whether the observed current den-
sity originated from UOR or from the competing OER.[59] Figure 5a

shows the results for the 8Mn-Ni(OH)2 sample as a representative case,
while data for the remaining samples are presented in Figure S9, Sup-
porting Information. In 1 M KOH (without urea), a reduction current is
detected at the Pt ring simultaneously with the oxidation current at the
disk, indicating the reduction of oxygen generated during OER at the
disk surface. By contrast, when the experiment is performed in the
presence of urea, no current is detected at the ring up to 1.7 V. This
key observation confirms that oxygen evolution does not occur under
these conditions. Therefore, the oxidation currents recorded at the disk
are exclusively attributed to UOR. These results further highlight the
high selectivity of the Ni(OH)2-based samples towards UOR within
this potential range. A slight change in the slope of the UOR LSV curve
is observed around 1.7 V, suggesting a possible shift in mechanism or
selectivity. Indeed, at potentials above 1.7 V, a small reduction current
appears at the ring, confirming that OER begins to dominate at higher
potentials. Notably, these results are in good agreement with those
obtained for Ni(OH)2 recovered from wastewater. In our previous
work, during differential electrochemical mass spectrometry (DEMS)
studies, we already observed that the presence of urea induces a shift

Figure 4. UOR free energy profile calculated using the HSE06+ D3 method on a four-layer slab model: a, b) β-NiOOH-U (0001) surface without/with Mn1
doping (6.25% for the unit cell). The main view of the atomic structure of intermediates is illustrated inside the Figure. The side views of *CONH2N,
*CONHN, *CONN, *CON2, *OC, *CO, *COOH, and *CO2 are also shown for clarity. The electrochemical steps are identified at the x-axis by indicating
(�e�+OH�).
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towards more positive values of the OER onset potential, and that there
is a 300–350mV separation between the onset potentials of N2 and O2

evolution under UOR conditions.[18]

The determination and quantification of gaseous and liquid
nitrogen-containing products derived from the UOR were conducted
using gas chromatography and ion chromatography, respectively.

Table 1. Reaction free energies of the 10 steps of the UOR at the O site of β-NiOOH-U (0001) facet without/with Mn doping (6.25% for the unit cell) calcu-
lated using the HSE06+ D3 method.

System Step Equation Reaction free energy (eV)

β-NiOOH-U 1 * + CONH2NH2(g)→ *CONH2NH_H �1.97

2 *CONH2NH_H +OH�→ *CONH2NH+ H2O+ e� 1.33

3 *CONH2NH+OH�→ *CONH2N+ H2O+ e� 1.17

4 *CONH2N +OH�→ *CONHN + H2O+ e� 1.60

5 *CONHN + OH�→ *CONN + H2O+ e� 2.26 (η= 1.89)

6 *CONN → *CON2 �0.71

7 *CON2→ *OC + N2 �2.16

8 *OC→ *CO �0.27

9 *CO +OH�→ *COOH + e� 1.33

10 *COOH + OH�→ *COO+ H2O+ e� �1.74

Mn1-doped β-NiOOH-U 1 * + CONH2NH2(g)→ *CONH2NH_H �2.94

2 *CONH2NH_H +OH�→ *CONH2NH+ H2O+ e� 1.86

3 *CONH2NH+OH�→ *CONH2N+ H2O+ e� 0.82

4 *CONH2N +OH�→ *CONHN + H2O+ e� 1.61

5 *CONHN + OH�→ *CONN + H2O+ e� 1.87 (η= 1.50)

6 *CONN → *CON2 �0.05

7 *CON2→ *OC + N2 �2.08

8 *OC→ *CO 0.24

9 *CO +OH�→ *COOH + e� 0.55

10 *COOH + OH�→ *COO+ H2O+ e� �0.99

Figure 5. a) RRDE results for the 8Mn-Ni(OH)2 sample; b–c) faradaic efficiency for UOR/OER products on Ni(OH)2 (b) and 8Mn-Ni(OH)2 (c); and d–e)
corresponding quantification of N products (mmol gcat

�1) on Ni(OH)2 (d) and 8Mn-Ni(OH)2 (e) at different applied potentials; and f) faradaic efficiency for
UOR products on 8Mn-Ni(OH)2; and g) corresponding quantification of N products (mmol gcat

�1) as a function of time. Error bars in (b), (c), and (f)
indicate the propagation of errors based on calibration curves.

Energy Environ. Mater. 2026, 0, e70465 8 of 12 © 2026 The Author(s). Energy & Environmental Materials published by
John Wiley & Sons Australia, Ltd on behalf of Zhengzhou University.

 25750356, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/eem

2.70465 by D
aniele Perilli - U

niversity Studi M
ilano B

icocca , W
iley O

nline L
ibrary on [03/07/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Under alkaline conditions, the expected UOR products are molecular
nitrogen (N2) and carbon dioxide (CO2). However, it is well estab-
lished that urea overoxidation can generate nitrite (NO�

2 ), nitrate
(NO�

3 ), and cyanate (CNO�) species, with NO�
2 typically being the

predominant product.[8,13,59–61] Beyond being an intermediate in
nitrogen-cycle chemistry, the generated nitrite ions can serve as valu-
able precursors for green chemical syntheses, including the production
of nitrates, nitric oxide–releasing compounds, and other nitrogen-based
functional materials, highlighting the potential dual utility of UOR sys-
tems in both energy conversion and chemical valorization.

The potential-dependent Faradaic efficiency (FE) for each ionic and
gaseous product generated from UOR and/or OER on Ni(OH)2 and
8Mn-Ni(OH)2 electrodes is presented in Figure 5b,c. Carbon-
containing products from UOR, such as cyanate (CNO�) and carbon
dioxide (CO2), were not quantified; CO2 was not detected in the gas
phase, consistent with our previous analysis using a hybrid
electrolyzer.[18] This absence is attributed to the high absorption capac-
ity of the alkaline electrolyte, which promotes the formation of carbon-
ate ions (CO2�

3 ). Therefore, the reported FE values are based solely on
nitrogen-containing species. Interestingly, Ni(OH)2 recovered from
wastewater, as investigated in our previous work, and Ni(OH)2 synthe-
sized from synthetic Ni precursors using the same synthesis method in
the present study exhibit comparable electrochemical behavior and gen-
erate the same products during the UOR. This occurs despite the pres-
ence of impurities and multiple Ni phases in the recycled material.

Notably, both Ni(OH)2 and 8Mn-Ni(OH)2 exhibit very similar
product distributions, with NO�

2 being the main product, in agreement
with previous reports where it has been demonstrated that the overoxi-
dation of urea to NO�

2 usually dominates over its oxidation to N2 at Ni
(OH)2-based anodes.[8,13,18,59,61,62] However, it has also been stated
that, in addition to the higher chemical value of nitrites than N2 men-
tioned above, the coupling of the hydrogen evolution reaction with
UOR to nitrites is more efficient than the coupling with UOR to
N2.

[63,64]

The comparable product distributions observed for samples with
and without Mn are consistent with the experimental and computa-
tional findings discussed above. Manganese does not act as an active site
in the catalytic process and thus does not alter the intrinsic UOR reac-
tion pathway or the products formed. Instead, Mn plays an electronic-
modulation role, adjusting the electron density of the Ni active sites
and thereby facilitating the Ni(OH)2 to NiOOH transformation at lower
applied potentials. This indirect effect of Mn on UOR is clearly illus-
trated in Figure 5d,e, which depict the number of product moles per
catalyst mass at different applied potentials. In both catalysts, product
generation increases with increasing potential, in line with the rise in
current density. However, the total number of moles produced is sub-
stantially higher for the Mn-containing sample. For instance, at 1.6 V,
the total amount of products generated by 8Mn-Ni(OH)2 is approxi-
mately five times greater than that for Ni(OH)2. Therefore, at a given
potential, Mn doping enhances the overall urea oxidation rate, resulting
in increased hydrogen evolution at the cathode.

To further evaluate catalyst’s stability and the temporal evolution of
activity and selectivity, 8Mn-Ni(OH)2 was subjected to an aging proto-
col. Long-term chronoamperometric measurements were conducted to
directly probe activity and selectivity as a function of time (Figure 5f,
g). As shown in Figure 5f, N2 and nitrite remain the dominant prod-
ucts, and the FEs exhibit no significant variation, confirming stable
selectivity under continuous operation. A moderate decrease in produc-
tion rate is observed after 24 h, which could be related to surface

poisoning by reaction intermediates,[18] or partial detachment of the
catalytic material. After this initial drop, however, the production rate
stabilizes and enters a quasi-steady-state regime (Figure 5g). Therefore,
we can conclude that our material has a high catalytic stability with
time after a slight initial activity loss. To the best of our knowledge, sta-
bility tests of UOR catalysts for a so long time and studies about the
variation of products with time have not been reported in the literature.

3. Conclusions

In this work, we synthesized manganese-doped nickel hydroxides by a
synthesis route that mimics Ni recovery from wastewater and carefully
characterized them by combining experimental and theoretical tech-
niques. Thanks to this approach, we determined that Mn3+ incorpora-
tion modifies the Ni(OH)2 structure, shortening the Ni–O and
Ni–Ni/Mn bond distances, and modulates the energetics of several pro-
cesses: 1) reduces the cost to oxidize the top layer of Ni(OH)2 to
NiOOH by 0.8 eV; 2) increases the adsorption free energy of urea (step
1) of 1 eV; 3) lowers the overpotential for UOR by 0.49 V. Mechanistic
studies have shown that Mn dopants do not directly participate in the
UOR reaction, and that the *CONHN → *CONN dehydrogenation is
the PDS both when Mn is present and absent, confirming that Mn does
not participate in the reaction mechanism. Our Ni(OH)2-based catalysts
are very selective towards UOR up to 1.7 V, while at higher potential
UOR starts competing with OER. The main products obtained from
UOR on the Ni(OH)2-based materials are nitrogen and nitrites, and
their production rate is very stable with time. The Mn incorporation
does not change the products distribution but enhances the overall urea
oxidation rate, resulting in a substantially higher number of product
moles formed at a specific applied potential.

4. Experimental Section

Synthesis of Mn-doped Ni(OH)2 powders: Nickel hydroxide samples with differ-
ent Mn doping (0 at.%, 3 at.%, 5 at.%, 8 at.%) were prepared by Circular Materials
S.r.l. following a patented method using manganese and nickel acetates (Mn
(CH3COO)2, Ni(CH3COO)2, Sigma-Aldrich) as metal precursors and supercritical
water as solvent.[32] The synthesis parameters are summarized in Table S12, Sup-
porting Information. Briefly, the corresponding amount of Mn(CH3COO)2 was
added to 0.5 L of a 0.3 M Ni(CH3COO)2 solution. Using the Circular Materials srl
continuous flow pilot plant, the metal-containing solution was firstly pumped in
the plant and mixed with a stream of 1 M NaOH to adjust the pH. Such obtained
solution was then driven by pumps to the plant reactor, where the material pre-
cipitation occurs thanks to the mixing with a third stream of supercritical water
(430 °C; 220 bar). The estimated residence time in the reactor is 1–2 s. Following
the reaction step, the final stream is cooled down and depressurized. The relative
flows of the streams can be individually tuned to set the experiment conditions,
which for these materials were 270 °C (reactor temperature) and pH 13 at the
plant output. Subsequently, the solution was centrifuged to obtain the final mate-
rial that was dried in an oven at 105 °C overnight. Finally, the solid grains were
grinded into a fine powder in a mortar. Samples were labeled as XMn-Ni(OH)2,
where X refers to the atomic Mn doping that is equal to 3, 5, 8. For simplicity,
the undoped sample was just labeled as Ni(OH)2.

Physicochemical characterization: Scanning electron microscopy (SEM)
images and energy-dispersive X-ray spectroscopy (EDS) spectra were acquired
with a Phenon Pharos from Thermo scientific. X-ray diffraction (XRD) patterns
were obtained by using an “Aeris Mineral” from Panalytical in Bragg–Brentano
geometry, operating with Cu Kα radiation (λ= 0.15406 nm) generated at 40 kV
and 30mA. X-ray absorption spectroscopy (XAS) measurements were recorded
on beamline B18 at Diamond Light Source (UK) with ring energy of 3 GeV and a
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current of 300.[65]The monochromator used was Si(111) crystals operating in
Quick EXAFS (QEXAFS) mode. Pellets of Ni(OH)2 and 8Mn-Ni(OH)2, and the
commercial Ni(OH)2 (Sigma-Aldrich) used as reference, were measured in trans-
mission mode at the Ni K (8333 eV) and Mn K (6539 eV) absorption edges at
298 K using ion chambers. The corresponding metal foils were measured simulta-
neously and used for the spectra alignment. Calibration of the monochromator
was carried out using the foil previously to the measurements. The acquired data
were processed and analyzed using the Athena and Artemis programs, respec-
tively. X-ray photoemission spectroscopy (XPS) measurements were acquired in a
custom-made UHV system working at a base pressure of 10�10 mbar, equipped
with an Omicron EA125 electron analyzer and an X-ray source with a dual
Al�Mg anode. Core-level photoemission spectra (C 1 s, O 1 s, Mn 2p and Ni 2p)
were collected at room temperature with a non-monochromatized Mg Kα X-ray
source (1253.6 eV) using a 0.1 eV step, 0.5 s dwell time and pass energy 20.[66]

Electrochemical characterization: Electrochemical measurements were con-
ducted in a three-electrode cell using a Hg/HgO electrode as a reference elec-
trode and a graphite rod as a counter electrode. All the experiments were
performed at room temperature. The working electrode was a glassy carbon (GC)
electrode (3 mm diameter) modified with 5 μL of catalyst ink. The ink was pre-
pared by mixing 3mg of catalyst, 500 μL milli-Q water, 100 μL isopropyl alcohol,
and 10 μL of Nafion® (5 wt%, Sigma-Aldrich), and sonicating until a homoge-
neous dispersion was formed. Previously to the GC modification with the catalyst
by drop casting, it was polished with 1 μm and 0.25 μm diamond pastes and soni-
cated in isopropyl alcohol. Cyclic (CVs) and linear sweep voltammetries (LSVs)
were acquired at 5mV s�1 in N2-saturated 1 M KOH and N2-saturated 1 M

KOH+ 0.33 M urea electrolytes, prepared from high purity reagents (Sigma-
Aldrich). All the LSVs reported in this work are IR corrected. The ohmic drop
resistance in the solution was determined by electrochemical impedance spec-
troscopy (12Ω for the 1 M KOH solution). The ohmic drop compensation was
performed during the data treatment. Tafel slope values were obtained from
steady state potential measurements.[67] The steady state polarization curves were
constructed by sampling UOR current density at the 240th second of chronoam-
perometry responses acquired at various overpotentials in the catalytic turnover
region with a regular interval of 0.010 V. Currents reported in the text are normal-
ized by the electroactive surface area (ECSA), determined from the Ni3+/Ni2+

reduction peak according to the formula: ECSA =
peak area
scan rate

2:75�10�4 .
[68] Potential values

are referenced to the reversible hydrogen electrode (RHE) by using the following
equation: ERHE= EHg/HgO+ 0.098+ 0.059 pH, where EHg/HgO is the experimentally
measured potential against the Hg/HgO reference electrode.

Electrochemical impedance spectroscopy (EIS) measurements were performed
at open circuit voltage and at 0.55 V vs Hg/HgO in the presence of urea, over a
frequency range of 100 kHz to 0.1 Hz, using a sinusoidal amplitude of 10mV.

Rotating ring-disk electrode (RRDE) measurements were performed in the
same three-electrode cell with the same experimental setup detailed above. An
aliquot of 5 μL of ink was deposited by drop casting on the GC disk (5mm diam-
eter). LSVs were acquired on the disk at 1600 r.p.m. with a scan rate of 5mV s�1

in N2-saturated 1 M KOH and N2-saturated 1 M KOH+ 0.33 M urea, while the Pt
ring potential was held at 0.4 V vs RHE. At this potential, O2 generated by the
OER can be easily reduced, while CO2, N2, and nitrites/nitrates generated by the
UOR cannot.[69]

Urea electrolysis measurements were performed in a 50mL gas-tight H-
electrochemical cell in PEEK using a Hg/HgO electrode and a Pt wire as reference
electrode and counter electrode, respectively. The Pt wire was placed in a com-
partment made of PEEK and separated from the main chamber through a Fuma-
sep® FAS30 membrane previously activated in KOH for 24 h. The working
electrode was prepared by spray coating onto a 2× 1 cm2 carbon paper. Electrol-
ysis experiments were carried out in Ar-saturated 1 M KOH+ 0.33 M urea at four
different applied potentials within the UOR window (1.50–1.65 V) for 4 h (unless
a charge of 30 C was reached first).

Long-term chronoamperometric measurements at 1.55 V were performed on
the 8Mn-Ni(OH)2 sample for 72 h, and the UOR products were determined every
24 h to study the catalytic stability and selectivity as a function of time.

Products’ analysis: Gas products (N2, O2) formed during UOR and/or com-
peting OER were analyzed at the end of the electrolysis tests by gas chromatogra-
phy (GC, Agilent 8860 GC System) using a TCD detector. The headspace of the
electrochemical cell was sampled (100 μL) with a Hamilton Syringe, and the mea-
surement was repeated three times. Calibration curves of the two gases were

obtained by diluting pure O2 and N2 gas in Ar flow with mass-flow controllers.
Liquid products (nitrite and nitrate ions) were analyzed by ion exchange chroma-
tography (IC) coupled to a conductivity detector (CD). The IC-CD was equipped
with a pumping module (ICS-6000 SP), an eluent generator via cartridge (ICS-
6000 EG), a thermostated column compartment (ICS-6000 DC), an electrochemi-
cal ion suppressor (Dionex ADRS 600 2mm), and a conductivity detector (ICS-
6000 CD). Separation was performed using an Ion-Pac AS 19–4 μm (2 × 250mm)
as an analytical column and an Ion-Pac AS 19–4 μm (2 × 50mm) as a precolumn,
both thermostated at 40 °C. The injection volume was 5 μL and the eluent flow
rate was 0.2 mLmin�1. The mobile phase gradient profile was as follows: (t in
min): t0-3, 5 mM KOH; t3-5, 5–10mM KOH; t5-15, 10 mM KOH; t15-28, 10–70mM

KOH; t28-35, 70 mM KOH; t35-40, 70–5mM KOH. Quantification of analytes was
carried out by external calibration using a seven-point calibration curve covering
the range 1–150mg L�1 and proper sample dilution. Each sample was analyzed in
duplicate. Linearity showed a R2> 0.998 for each analyte, and the limit of detec-
tion was 0.05mg L�1. Precision was <5%, expressed as relative standard deviation
between duplicates (RSD).

Faradaic efficiency (FE) for all the products was calculated by using
Equation (2),[59,62] where n�e is the number of transferred electrons, nproduct is the
number of moles of product obtained, and Q is the charge involved in the
electrolysis.[70]

FE %ð Þ= 100 � n
�
e � F � nproduct

Q
: (2)

Density functional theory calculations: Based on XRD analysis, the experi-
mental sample consists of a mixture of α- and β-Ni(OH)2, with the β-phase being
predominant. The structure of β-Ni(OH)2 is determined and adopted from the
literature, while the atomic structure of β-NiOOH remains unclear due to the
undetermined H positions.[71–73] Several potential candidate structures of β-
NiOOH have been proposed by theoretical studies, including the U, L, S, and M
phases.[71,74,75] In this work, the U phase was used because previous calculations
indicate that it is the most stable candidate.[36,75] Our work focuses on the (0001)
facet of β-NiOOH, which is the most thermodynamically stable and abundant
surface, as shown by DFT+U calculations and Wulff construction analysis in
both vacuum and aqueous conditions.[75–77] We also investigated the γ-NiOOH
(0001) surface as detailed in the Electronic Supporting Information (ESI).

Fully optimized structures and Urea Oxidation Reaction (UOR) activities were
studied using the Heyd�Scuseria�Ernzerhof (HSE06) functional[28] augmented
with D3 (BJ) corrections[29,30] as conducted in CRYSTAL17 code[68] given that
previous calculations indicate hybrid functional is crucial to correctly describe
the electronic structure and the related catalysis mechanism of NiOOH.[31] The
Kohn–Sham orbitals were expanded using Gaussian-type orbitals with the POB-
TZVP-REV2 all-electron basis sets. The energy convergence criterion was set to
10�6 Hartree, and a 3× 3× 3 k-point grid was employed. All the calculations
were performed considering the spin polarization. Free energy (G ) values were
obtained from frequency calculations within the harmonic approximation.
Table S11, Supporting Information, reports the individual energetic contributions
—namely the electronic energy change (ΔE ), zero-point energy change (ΔZPE),
thermal contribution to the vibrational energy (ΔEₜ), and entropic contribution
(TΔS )—that together yield the total free energy change (ΔG ) for each reaction
step. As shown by the values reported in Table S11, Supporting Information, no
significant differences are observed between the Mn-doped and undoped sys-
tems, and the overall trends in energy contributions are preserved. Further com-
putational details are presented in the Electronic Supporting Information (ESI).
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