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This study presents a comparative thermodynamic analysis
of various pathways for electrochemical hydrogen production
coupled with the anodic oxidation of urea, offering a
sustainable alternative to the conventional oxygen evolution
reaction. For the first time, the feasibility and efficiency
of these processes were evaluated using integrated green
chemistry metrics, including atom economy and a newly
proposed metric, electricity economy, which quantifies the
theoretical minimum electrical energy required for the
equilibrium formation of reaction products. The analysis
demonstrated that urea-oxidation pathways generally require
significantly less energy input than water electrolysis. Among
the examined reactions, the oxidation of urea to gaseous
nitrogen and carbonate ions was identified as the most
efficient, with an electricity economy of —4650.83 ] mol™ and
an atom economy of 6.4%. However, practical application
is hindered by issues such as low product selectivity and
high anodic potentials dictated by the redox thermodynamics
of commonly used nickel-based catalysts. These findings
underscore the need for next-generation electrocatalysts with
enhanced selectivity and lower overpotentials to fully exploit
the energetic advantages of urea oxidation for green hydrogen
production.

1. Introduction

The concept of hydrogen energy, first proposed by Bockris
[1], aims to prevent catastrophic climate change resulting from
the large-scale combustion of fossil fuels by transitioning to
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hydrogen as an energy carrier [2,3]. This concept heavily relies on utilizing the water electrolysis n
reaction for the synthesis of green hydrogen [4-6],

2H,0 — 2H, + O;. (1.1)

The overall reaction (1.1) is a combination of the cathodic hydrogen evolution reaction (HER) and the
anodic oxygen evolution reaction (OER). For these reactions in an alkaline medium, the corresponding
reaction equations are as follows:

2H,0 — 2¢” + H, + 20H, 1.2)
40H™ — 0, +2H,0 +4e". (1.3)

As is well known, the theoretical decomposition voltage (the thermodynamic minimum voltage of an
electrolyser) for water decomposition at a temperature of 298 K is 1.23 V, which is a relatively high
value. Moreover, due to electrode polarization and ohmic losses, the total voltage of the electrolyser
during water electrolysis reaches even higher levels, approximately 2.2-2.4 V [7]. Consequently, this
poses economic challenges by increasing energy consumption. While ohmic losses can be fundamen-
tally reduced through rational electrolyser design and the optimal composition of the electrolyte, and
electrode polarization can be mitigated by developing and employing efficient electrocatalysts, the
thermodynamic parameter of the theoretical decomposition voltage represents a natural limit. This
limit is intrinsic to the reaction and, from a thermodynamic standpoint, cannot be lowered under the
given temperature conditions.

A possible approach to addressing this issue is to replace the OER with an alternative anodic
process that has more favourable energetics [8,9]. One of the most promising combinations involves
coupling the HER with the electrochemical oxidation of urea (UOR) [10-19],
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CO(NHy),(aq) + 60H™ — Ny(g) + 5H,0 + COx(g) + b€ . (1.4)

Alternatively, considering that in a highly alkaline environment the final product of the reaction will be
carbonate ions rather than carbon dioxide, a more accurate representation of the UOR is as follows:

CO(NH,),(aq) + 8OH™ — Nj(g) + 6H,O + CO%(aq) +6e. (1.5)

As repeatedly indicated in the literature [10-12,20-22], the thermodynamic open-circuit voltage (OCV)
for the overall reaction involving HER and UOR at 298 K is 0.37 V, which is significantly lower than
1.23 V for the combination of HER and OER in reaction (1.1).

Although the kinetics and mechanism of reaction (1.4) have been the subject of numerous and
detailed studies [10-22], the thermodynamic aspects of this process are significantly less explored and
the available data on this matter are somewhat contradictory. Specifically, in our previous works, it was
established that the thermodynamic OCV for the overall reaction involving HER and UOR at 298 K,
excluding carbonate formation, is not 0.37 V but only 0.072 V [23]. When accounting for the inevitable
formation of carbonates in an alkaline environment (reaction (1.5)), which is commonly used for
water electrolysis, the overall reaction becomes thermodynamically spontaneous with an electromotive
force of 0.024 V [24]. These results, on the one hand, further emphasize the great potential of using
UOR to replace OER in green hydrogen synthesis and on the other hand, highlight the insufficient
understanding of the thermodynamic aspects of electrochemical reaction (1.4), which clearly hinders
further progress in this scientific field.

Moreover, the literature has noted that reaction (1.4) is not the only possible anodic electrochemical
transformation of urea at the anode in an alkaline environment, and the following alternative oxidation
processes may occur [25-27]. Specifically, the following alternative processes are considered’ [28]:

CO(NH,),(aq) + 8OH (aq) = OCN (aq) + 6H,O(1) + NO3(aq) + 6e”, (1.6)
CO(NH,),(aq) + 100H (aq) = N,O(g) + 7H,O(1) + CO3” (aq) +8e7, (1.7)
CO(NH,),(aq) + 160H (aq) = 2NO3(aq) + 10H,O(1) + CO3 ™ (aq) + 12e~ (1.8)

and

'Several hypothetical reactions, in which gaseous CO, and HCO3 ions are formed, are not presented here, as this is unlikely to occur
in strongly alkaline environments typically used in water electrolysis.
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CO(NH,),(aq) +200H (aq) — 2NOjz(aq) + 12H,O(l) + CO3 ™ (aq) + 16¢”. N 3 |

Although reference [28] provides Gibbs free energy changes and standard potentials for these :
competing reactions, a comprehensive thermodynamic treatment including standard enthalpy and
entropy changes remains absent in the literature, yet is crucial for uncovering mechanistic subtleties
and evaluating the true energy efficiency of UOR for green hydrogen production.

It should be observed that the processes of CO(NHj), electrochemical oxidation are of significant
importance and relevance not only for hydrogen synthesis in renewable energy and the development
of so-called direct urea fuel cells [29-32]. Since urea is produced in large quantities as a result of animal
and human metabolism and inevitably ends up in domestic and industrial wastewater, as well as
wastewater from agro-industrial enterprises, the urgent issue of urea removal from wastewater arises.
This can, among other things, be successfully addressed using electrochemical purification methods
based on UOR [33-35].
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Since the concurrent processes of anodic urea oxidation are an obvious subject of consideration

within the framework of green chemistry concepts [36-39], their evaluation in light of key green :
chemistry metrics [40-43] is of significant interest. In particular, in this work, we have calculated and i
discussed the quantitative parameters characterizing atom economy and design for energy efficiency }3
for various pathways of anodic urea degradation in accordance with the second and sixth principles of | &
green chemistry? [36]. L

Green chemistry principles have long been successfully implemented in electrochemical processes P
[44-48], leading to the development of technologies in which the use or generation of substances §
harmful to the environment and to operating personnel is greatly reduced or entirely eliminated. It i Q

is, therefore, appropriate to apply standard green chemistry principles and common sustainability
metrics, such as atom economy, energy intensity and the environmental factor (E-factor) [40-43], to
electrochemical systems. However, a survey of the literature, including recent reviews, shows that
no eco-efficiency metrics have been developed or implemented that account for the unique nature
and mechanisms of electrochemical reactions involving the conversion between electrical and chemical
energy [40,41,43-50]. Without such specialized metrics, a comprehensive comparative analysis of the
various anodic urea-oxidation pathways within a green chemistry framework cannot be achieved,
particularly when evaluating and comparing the energy requirements of electrode processes. The
development and implementation of green metrics for energy efficiency that reflect the specific
characteristics of electrochemical reactions is, therefore, both important and timely.

Considering the aforementioned relevant issues, the aim of this study is a comprehensive analy-
sis of the anodic urea-oxidation processes, taking into account the thermodynamic parameters of
various competing pathways of this electrochemical reaction. The study also focuses on evaluating the
alignment of these processes with the criteria of atom economy and energy efficiency in the context of
the principles of green chemistry.

2. Qalculations

The thermodynamic characteristics of the reactions were calculated based on tabulated values of
standard enthalpies of formation and standard entropies for all molecules and ions involved in the
considered reactions (electronic supplementary material, table S1). The conversion of the standard
enthalpy of formation and entropy of urea from its solid state to the dissolved state was carried out
using literature data [51] on the values of the enthalpy and entropy of urea dissolution, AH = 16.91 kJ
mol™ and AS = 62.59 ] mol™ K™, according to the algorithm previously described [23,24].

All calculations were performed at a temperature of 298 K. The standard enthalpy of reactions
(AH9g) and the entropy changes (AS9g) were determined as the difference between the total product
and total reactant molar enthalpies and entropies, respectively. The standard Gibbs free energy change
(AG%y9g) was calculated using the Gibbs—Helmholtz equation,

AG3os = AH305 ~ 298AS5o5 . (2.1)

The thermodynamic OCV for the electrochemical reactions was calculated using the following formula:

*These principles are formulated as follows: ‘2. Synthetic methods should be designed to maximize the incorporation of all materials
used in the process into the final product... 6. Energy requirements should be recognized for their environmental and economic
impacts and should be minimized...” [36].

Downl oaded from http://royal soci et ypublishing.org/rsos/article-pdf/doi/10.1098/rsos. 250156/ 2825346/ r sos. 250156. pdf

by Ukraine Institution user
on 27 April 2026



AGos
zF 7

OCV = 2.2)

where z is the number of electrons involved in the reaction under consideration, and F is the Faraday
constant, 96 485 C mol™.
Atom economy was calculated using the equation [52]

m.w. of the product

atom economy =
Y= m.w.of the reagents

x 100%, 2.3)

where the numerator includes the molecular weight of the product, and the denominator contains the
total molecular weights of all the starting reagents.
The E-factor was calculated using the equation [41,43]
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m.w.of wastes

E-factor = ,
A = o w_of the product

(2.4)

where the numerator contains the molecular weights of the produced wastes, and the denominator
contains the molecular weight of the desired target product produced in the stoichiometric equation.

3. Results and discussion

The calculated values of standard enthalpy changes, entropy changes, Gibbs free energy, OCV, atom
economy and E-factor for various reaction pathways are summarized in table 1. This table presents
data for the water electrolysis reaction (reaction (I)) as well as for the balanced overall electrochemical
reactions composed of anodic half-reactions (1.4-1.9) and the cathodic half-reaction (1.2), (reactions
(D)—(VIL)).

It is evident that all these electrochemical processes are endothermic, which is largely determined
by the fact that the reactants involved have very negative values of formation enthalpy. Specifically,
this applies to liquid water, dissolved urea and the hydroxide ion, which also has a very negative
formation enthalpy. Therefore, the consumption of these reagents, which possess sufficiently high
bond energies, requires the absorption of heat, which dictates the overall endothermic nature of the
processes. A particularly large amount of heat is absorbed in reaction (VI) with the formation of nitrate
ions as one of the final products. When comparing the thermal effects of reactions (II)-(VII) with
the value characteristic of water electrolysis (I), it is observed that for reactions producing gaseous
nitrogen, the heat of the process is lower than in reaction (I), while for reactions that involve the
formation of other nitrogen oxidation products, it is significantly higher.

However, the determined amounts of heat, as is typically the case in thermochemical calculations,
depend on the stoichiometric equation of the reaction. Essentially, these heats are referenced to
different quantities of synthesized hydrogen, which is the target product in all these processes. If
we proceed to list the thermodynamic parameters, specifically the isobaric heat of reaction calculated
per mole of Hj, the situation becomes somewhat different (table 2). In such a comparison, the amount
of heat absorbed in all reactions involving urea is significantly lower than in water electrolysis. The
least amount of heat is absorbed in the reaction that involves the formation of gaseous nitrogen and
carbonate ions as the final products of urea decomposition (reaction (III)).

All the electrochemical transformations considered (I)-(VII) are accompanied by an increase in
entropy (table 1). This result is due to the formation of a large number of gases (hydrogen, nitrogen,
nitrous oxide and carbon dioxide) during these reactions, which, as is known, have high molar
entropies compared with liquids and solids. The increase in entropy from a thermodynamic perspec-
tive signifies an increase in disorder and a degradation of energy. From fundamental ecological
considerations, the increase in entropy in the anthroposphere of our planet is an undesirable effect.
Indeed, minimizing entropy production should be considered one of the criteria for sustainability
[53]. However, it should be noted that hydrogen, produced in the reactions under consideration, is
intended for future use as an environmentally safe fuel, for example through its oxidation in fuel cells
via a reaction reverse to reaction (I), which is obviously accompanied by a corresponding decrease in
entropy. Thus, the overall entropy of Earth as a thermodynamic system will not increase significantly.
Only thermodynamically irreversible processes, such as heat release due to ohmic losses in electrolys-
ers and fuel cells and due to polarization, will lead to irreversible increases in the planet’s entropy.
However, these processes are not the subject of detailed consideration in this publication. Interestingly,
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Table 2. Calculated changes in standard enthalpy, entropy and Gibbs energies converted to one mole of produced hydrogen.

reaction

number  reaction DH'y9g (k)  AS'98 (JK™) AG%595())
163.09 237229.18

186. .

OO0 O0S T TOOE OO UOTT OO o BRSSO e SOOI Oo BT e e
158.50 128001.33
117.58 81733.66

e ARt TR e

00000 00O OOO SOOI i e

the recalculation of entropy change produced per mole of hydrogen in different reactions shows (table
2) that the differences between these values for reactions (I)-(VII) are largely eliminated. This means
that the main factor determining the increase in entropy in these processes, at first approximation, is
the formation of gaseous hydrogen.

The standard changes in Gibbs energy during the considered reactions are positive, which is
determined by the positive enthalpy factors that prevail over the also positive entropy factors. From
a thermodynamic perspective, positive values of AG’9g indicate that these processes are non-sponta-
neous and require energy input from external sources (which is quite natural for non-spontaneous
reactions during electrolysis). The only exception to this is reaction (III), with the formation of nitrogen
and carbonate ions as products of urea decomposition, for which AG’9g <0 [24]. This is probably
due to the relatively low standard enthalpy change for this reaction, which cannot compensate for
the positive entropy factor in the Gibbs-Helmholtz equation. Therefore, such a process would occur
spontaneously, for example, in a galvanic cell, as indicated by the negative sign for the OCV of this
reaction (table 1). However, as is known, this process does not actually occur spontaneously but is
realized non-spontaneously during electrolysis, and moreover, it requires a relatively high decomposi-
tion voltage, although lower than for water splitting (I) [10-12]. The reason for this is the very slow
kinetics of the process [24].

Based on the calculated OCV values and taking into account the standard potential of half-reaction (1.2)
(-0.828 V versus the standard hydrogen electrode), the standard potentials of half-reactions (1.6-1.9) were
calculated (electronic supplementary material, table S2). The obtained values are virtually identical within
the acceptable calculation error to the values reported in the study [28], except for half-reaction (1.6), for
which we obtained a value of —0.165 V, while the mentioned work reported a value of —0.43 V. The reasons
for such a significant discrepancy are currently unclear.

The OCV values, which were obtained from the calculated AG%ugg, for any of the considered reaction
pathways of electrochemical hydrogen synthesis with the coupled urea-oxidation half-reaction (II)—(VII)
arelower than 1.299 V, which is characteristic of water splitting, thus highlighting the exceptional potential
of thisapproach for green hydrogen energy.

However, not all of these urea-involved processes are equally environmentally attractive, as they
are accompanied by the formation of various waste products of different quantities and levels of
environmental hazard. For a quantitative assessment of this hazard, we used well-known metrics from
green chemistry theory and practice: atom economy and the environmental factor (E-factor) (table 1).

Atom economy essentially characterizes the degree to which all materials used in the process
are incorporated into the final product. For processes that are ideally clean from the perspective of
sustainable chemistry, this value is 100%. The lower the atom economy, the larger the relative amount
of starting materials that are not converted into the final product but instead into waste that must
be disposed of or recycled. It is evident that all the reactions discussed, including the conventional
water electrolysis reaction (I), show relatively low atom economy values of 6-11%. These relatively
low values of the metric are a consequence of the specific and unique small molecular weight of
hydrogen, which is considered the final product here. Therefore, such low values do not necessarily

indicate the low environmental attractiveness of hydrogen electrolysis processes. One must take into
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account the environmental hazard of the by-products formed along with hydrogen. Hence, in this case,
a more accurate approach would be the use of the E-factor proposed by Sheldon [39,41], which assesses
the amount of hazardous waste per unit mass of the substance that is the final product of chemical
synthesis.

The calculated E-factor values, considering theoretical stoichiometry, are presented in table 1. In
these calculations, it was taken into account that some of the products formed in the reactions under
consideration are environmentally safe (gaseous nitrogen and oxygen, even if they are directly released
into the atmosphere). Therefore, in calculating the E-factor, these were excluded, just as water is
typically excluded in such calculations. Carbonate ions (e.g. in the form of alkali metal salts), although
not highly harmful or toxic, will require periodic removal from the solutions used in electrolysis (e.g.
through chemical treatment [54]), which will inevitably lead to the formation of new waste that will
need to be recovered. Therefore, carbonate ions were included in the calculations as waste. Finally,
nitrous oxide (NO), as well as cyanate, nitrate and nitrite ions, are undoubtedly harmful environmen-
tal pollutants [55-58] and were also considered as waste in our calculations.

The smaller the E-factor, the more environmentally safe the process is. From the results of the
calculations, it is evident that the most environmentally clean process is water splitting (reaction (I)),
as it does not produce any harmful emissions. However, it should be considered that the values we
obtained are theoretical and do not account for emissions in auxiliary processes and technologies.
Specifically, it should be taken into account that in alkaline water electrolysis processes, sufficiently
concentrated alkaline solutions are used, which need to be periodically purified and regenerated,
leading to the formation of some waste, which was obviously not considered in our calculations.
A cleaner version of reaction (I) would be its implementation in proton exchange membrane water
electrolysers, where pure water, not a concentrated alkaline solution, is used as the starting reagent
[59]. However, even in these processes, throughout the full life cycle of the electrolysers and ion-
exchange membranes used, a certain amount of waste will be generated.

The highest E-factor values are obtained for processes that lead to the formation of toxic nitrogen
compounds derived from urea molecules: N>O and nitrite and nitrate ions. These are undesirable
pathways for the process and should be avoided by developing highly selective electrocatalysts that
will drive the process through alternative routes.

One of the smallest E-factor values is associated with reaction (II) (table 1), where the products of
urea conversion are carbon dioxide and molecular nitrogen. However, the relative ecological safety of
this route is somewhat illusory, as the emission of greenhouse gas CO; directly contradicts the concept
of creating carbon-free renewable energy. Nevertheless, in our opinion, the practical implementation
of this reaction pathway is unlikely, as carbon dioxide will quickly be absorbed in the concentrated
alkaline solution for electrolysis and process (III) will probably occur, which involves the formation
of carbonate ions as the final products of the reaction. This, of course, changes the thermodynamic
parameters of the reaction, which are state-dependent [24].

Thus, the analysis of atomic efficiency and E-factor values indicates that the most effective
alternative to the OER in water electrolysis is reaction (III). The same conclusion follows from
the application of the energy efficiency principle, which also plays an important role in analysing
alternative options from the perspective of green chemistry principles. Indeed, as shown above,
reaction (III), which involves the formation of carbonate ions and molecular nitrogen, is the only
one that is thermodynamically spontaneous and should proceed without the consumption of exter-
nal electrical energy, unlike all other reactions. On the contrary, it would generate electrical energy,
following the principle of a galvanic cell.

In this context, it should be emphasized that for the analysis of the energy efficiency of an electro-
chemical reaction within the framework of the green chemistry approach, comparing the values of
standard electrochemical potentials is not flawless. The reason is that different numbers of electrons
are involved in the reactions being considered, which directly affects energy consumption and must
also be taken into account during the analysis. However, the value of the standard potential does not
account for this feature and says nothing about these differences. Therefore, a more accurate metric of
energy efficiency should be the change in the standard Gibbs energy during the reaction, calculated
per unit of substance (or mass) of the final product,
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Figure 1. Bar charts comparing atom economy and electricity economy metrics for seven reaction pathways under consideration.

where z is the number of electrons in the overall electrochemical reaction equation; F is the Faraday
constant; OCV is the thermodynamic open-circuit voltage; and 1 is the stoichiometric coefficient of the
final product in the reaction equation being considered.

This value is analogous to the atomic economy metric and can be conditionally referred to as
the electricity economy. In essence, for thermodynamically non-spontaneous electrochemical reactions
(AG>0), this quantity represents the minimum amount of external electrical energy required for
the equilibrium formation of 1 mole (or 1 kg) of the final product of the reaction. The smaller the
value of the electricity economy, the lower the minimum possible energy expenditure for the target
electrochemical reaction to proceed, and consequently, the more efficient the process is in the context of
the development of green chemistry.

It is clear that the electricity economy is a purely theoretical quantity that only allows for an
estimation of the lower bound of potential energy consumption. In real electrochemical processes,
energy consumption will be higher due to electrode polarization and losses through ohmic components.
Moreover, total electrical energy consumption can increase due to a reduction in the current efficiency
of the target reaction. However, theoretically, electrode reaction polarization can be reduced by selecting
highly efficient electrocatalysts, and ohmic components can be minimized through rational equipment
design and variation in the composition and concentration of electrolytes. The thermodynamic quantity
of electricity economy, however, is an unchanging attribute of each specific electrochemical reaction
under given conditions and thus can be considered as another fundamental metric for analysis in green
chemistry.

It is noteworthy that for thermodynamically spontaneous electrochemical processes (AG<0), the
value of the electricity economy takes on a conditional negative sign and resembles the well-known
metric in the field of chemical power sources—the energy density of a power source. The higher this
value in absolute terms, the better the power source (battery or accumulator) is in this regard.

A comparison of the calculated electricity economy values for the hydrogen electrosynthesis
reactions (I)~(VII) (the last column in table 2) shows that in all alternative reaction pathways involving
urea (reactions (II)—(VII)), the electricity economy is lower than for conventional water electrolysis
(reaction (I)) (figure 1). The most advantageous, obviously, is reaction (III) (a thermodynamically
spontaneous process), with reaction (II) producing gaseous nitrogen and carbon dioxide coming
in second. Reactions involving the formation of N>O and nitrite, nitrate and cyanate ions are less
attractive in terms of energy efficiency.

From the data presented in figure 1, it is evident that selecting the most environmentally friendly
alternative among the seven reaction pathways under consideration should be based on an analy-
sis of the electricity economy metric. Indeed, all the reactions exhibit very similar atom economy
values, whereas their electricity economy metrics differ significantly, making it the decisive factor for
evaluating potential environmental attractiveness.
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4. Conclusions and future directions

(1) For the first time, a comparison and analysis of various pathways for the electrochemical

)

4)

synthesis of hydrogen combined with the anodic electro-oxidation of urea as an alternative
to the oxygen evolution reaction have been conducted. This study represents the first system-
atic comparison of different hydrogen synthesis routes involving urea oxidation, considered a
potential alternative to the traditional OER. The analysis accounted for both thermodynamic
aspects and green chemistry metrics, such as atom economy, E-factor and energy efficiency.
This comprehensive evaluation highlighted the advantages and limitations of each process in
terms of environmental safety, energy consumption and integration potential into sustainable
energy systems. Using urea as a feedstock for green hydrogen production is not only chemi-
cally intriguing but also opens new possibilities for developing eco-friendly and energy-efficient
technologies.

The feasibility and efficiency of replacing the OER with the urea oxidation reaction within the
framework of green chemistry concepts have been demonstrated. A comparison of reactions
involving UOR instead of the conventional OER revealed significant advantages in the context
of green chemistry. This approach not only reduces energy consumption during hydrogen
production processes but also minimizes the formation of harmful by-products. Reactions
involving urea generate less toxic and more manageable by-products, such as gaseous nitrogen
and carbonate ions, making the process more environmentally friendly. Moreover, the use of
urea, an accessible and inexpensive raw material compared with water, offers scalability for
industrial applications. This approach significantly contributes to the advancement of sustaina-
ble hydrogen energy technologies, which are crucial for the green energy revolution.

A new metric, electricity economy, has been proposed for evaluating energy efficiency. Its
meaning and significance have been analysed. Reactions involving urea have been assessed
in light of this new metric. One of the key outcomes of this study is the introduction of this
new metric, electricity economy, to assess the energy efficiency of electrochemical processes. This
metric evaluates the minimum required amount of electrical energy for each reaction, taking into
account the thermodynamic spontaneity of the process. Calculations showed that urea-based
processes exhibit significantly better efficiency compared with traditional water electrolysis,
mainly due to the thermodynamic spontaneity of a certain reaction. Assessing reactions using
the electricity economy metric provides a clearer understanding of the potential for reducing
energy consumption and increasing overall energy efficiency, which is critically important for the
further development of renewable energy technologies.

The electricity economy metric introduced in this study offers a theoretical baseline for assessing
the minimum electrical energy input required per mole of hydrogen produced in urea-assisted
electrolysis. While it captures the thermodynamic ideal, its relationship to practical performance
indicators, such as faradaic efficiency or energy recovery rate, remains to be established. Future
work will focus on bridging this gap by applying the electricity economy concept to experimen-
tal systems or techno-economic simulations. Such integration would provide a more comprehen-
sive picture of how closely real-world processes approach the thermodynamic limit.

The analysis shows that the most efficient reaction from the perspective of green chemistry is
the urea oxidation reaction that leads to the formation of carbonate ions and gaseous nitrogen.
This process is thermodynamically spontaneous, which helps reduce the energy required for its
implementation. However, as evidenced by literature data [10,11], first, the process is not always
selective, and other nitrogen oxidation products harmful to the environment may form. Second,
the electrode potentials at which urea oxidation occurs at the anode are generally determined
not by the thermodynamic characteristics of the reaction itself but by the thermodynamics of
the Ni(III)/Ni(II) redox couple, which is the most widely used electrocatalyst. These potentials,
although lower than for the OER, are still relatively high.

This highlights an important future task: the development of new electrocatalysts for the urea
oxidation reaction that would be highly selective and efficient. In this context, the search
for alternative electrocatalyst materials beyond nickel-based systems becomes essential. Future
studies should explore catalyst classes capable of modulating reaction pathways with greater
precision, such as transition metal alloys, doped carbons, molecular catalysts and other advanced
materials, and investigate their ability to reduce onset potentials and improve product selectiv-
ity in urea electro-oxidation. This would fully realize the significant thermodynamic potential
embedded in the urea oxidation reaction. Innovations in this area of electrochemistry will
contribute to the development of sustainable, economically viable and environmentally friendly
hydrogen production technologies.
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(5) It is important to recognize that, in real electrochemical systems, urea oxidation pathways
may compete with simultaneous oxygen evolution, since electrocatalysts rarely achieve perfect
selectivity. From the standpoint of atom economy and E-factor, the presence of oxygen alongside
gaseous nitrogen does not diminish the green-chemistry profile, as both gases can be safely
released to the atmosphere. Regarding energy consumption, if the anodic potential remains
governed primarily by urea-oxidation kinetics and OER occurs only as a side reaction, the
electrical charge required per mole of Hj is unchanged (2 F per mole, regardless of whether OER
is involved). These considerations suggest that future catalyst development should prioritize
selectivity among urea-oxidation pathways, while competing oxygen evolution plays a secon-
dary role in overall sustainability performance.

(6) It should be noted that a promising extension of the present work is the application of

life-cycle costing (LCC) and life-cycle assessment (LCA) methodologies [60]. LCC provides a
comprehensive estimation of economic expenditures associated with a process, including capital
investment, operational expenses, maintenance and end-of-life disposal, thereby revealing the
true cost efficiency of each urea oxidation pathway over its entire service life. Similarly, LCA
systematically quantifies material and energy inputs, emissions and resource depletion from
cradle to grave, offering a detailed assessment of the environmental footprint for each reaction
route. Integrating thermodynamic performance metrics with LCC and LCA data would enable
identification of trade-offs among energy efficiency, economic viability and ecological impact,
thus guiding the design and selection of the most sustainable electrocatalytic systems. However,
these multidisciplinary approaches extend beyond the classical thermodynamic framework and
green-chemistry metrics employed in this study. Their full implementation lies outside the stated
objectives, but they represent a valuable and attractive direction for future research.

(7) While this study is theoretical in nature and based on thermodynamic principles and sustaina-

bility metrics, future work will focus on experimental validation of the most promising urea
oxidation pathways identified herein. Such studies will involve the measurement of cell voltage,
faradaic efficiency, and reaction rates under controlled electrochemical conditions, in order to
verify and refine the thermodynamic predictions and assess the real-world feasibility of the
proposed processes.
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