Designing bifunctional catalysts for urea electrolysis: Progresses and

perspectives
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Abstract

Urea electrolysis becomes an attractive method for sustainable energy-saving hydrogen production
and simultaneous pollutant degradation. To improve urea electrolysis efficiency and simplify the
electrolysis systems, developing efficient bifunctional electrocatalysts arouses great interest.
Recently, great achievements have been made in the design of high-performance bifunctional
catalysts for urea electrolysis. In this review, current progress in bifunctional catalysts for urea
electrolysis is comprehensively analyzed. Urea electrolysis fundamentals and catalyst design
principles are first discussed. Then, the applications of advanced bifunctional catalysts in urea
electrolysis are fully demonstrated, such as single atom catalysts (SACs), metal nanoparticles,
alloys, metal (hydr)oxides, chalcogenides, pnictides, metal-organic frameworks (MOFs),
composites, etc. The structure-performance correlation of catalysts is emphasized, as well as
design strategies. Current catalysts are also benchmarked in terms of their catalytic activities, for
providing insights into the sensible design of high-performance bifunctional electrocatalysts.
Several Key perspectives are outlined to guide further studies on practical urea electrolysis-driven

sustainable hydrogen production and urea-rich wastewater management.

Please check a similarity report.
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1. Introduction

Urea (CO(NH2).) is a widely used organic chemical in synthetic chemistry, agriculture, automobile
systems, medicine, etc.'2 The widespread usage of urea generates a lot of urea-bearing wastewater.
Also, human/animal excrement contains a high level of urea. The disorderly discharge of such
urea-rich effluents leads to serious environmental pollution issues (e.g., eutrophication, NOx
gaseous pollutants) and a waste of nitrogen resources.> * Therefore, making a green use of urea-
rich effluents would alleviate the related environmental problems and accelerate the global

nitrogen cycle.

Recently, electrooxidation of urea under mild conditions has gained souring interest, which can
convert urea into CO2, N2, and water in an efficient manner. Importantly, urea oxidation reaction
(UOR) is thermodynamically more favorable than oxygen evolution reaction (OER), the anodic
half-reaction of water electrolysis.’ It is thus sensible to couple hydrogen evolution reaction (HER)
with UOR to accomplish energy-saving hydrogen fuel production. However, the slow kinetics of
both HER and UOR hinders the hydrogen production efficiency via urea electrolysis.® For
improving the economic attractiveness of urea electrolysis systems, it is favored to perform both
HER and UOR in a same electrolyte. Therefore, many attempts have been employed to develop
high-performance catalysts/electrodes towards urea electrolysis in alkaline media. To further
simplify the manufacture of electrolyzers and electrodes for HER and UOR, designing bifunctional

catalysts is highly recommended.

To date, diverse bifunctional electrocatalysts based on low-priced metals (e.g., Ni, Co, Fe) and
precious metals (e.g., Rh, Pt, Ru) have been developed for urea electrolysis.” ® From SACs, metal

nanoparticles, and alloys to metal (hydr)oxides, chalcogenides, and pnictides, catalysts with
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diverse nanostructures and compositions have exhibited good performance towards urea
electrolysis, as listed in Table S1 (Supporting information). Current efforts focus on tailoring the
internal and external properties (size, nanostructure, surface chemistry, electronic structure) of
catalysts to meet the multiple requirements of urea electrolysis, and thus a series of catalyst design
strategies have been developed, like heteroatom doping,” composite construction,'® vacancy

engineering,!! nanostructure control'?

. These achievements significantly promote the development
of bifunctional catalysts for urea electrolysis and take a closer step towards practical urea-rich
wastewater electrolysis for energy-saving hydrogen production. Nevertheless, an inclusive review
summing up advances in bifunctional electrocatalysts for urea electrolysis remains unavailable,
although many reviews have summarized the electrocatalysts for UOR (mainly Ni-based

materials).> 1323

Herein, this review aims at providing a thorough analysis of current developments in the
bifunctional electrocatalysts for the electrolysis of urea solutions. Fundamentals of urea
electrolysis and electrocatalyst design principles are first discussed. The applications of
bifunctional catalysts in urea electrolysis are fully demonstrated, including SACs, metal
nanoparticles, alloys, metal (hydr)oxides, chalcogenides, pnictides, MOFs, composites, etc. For
guiding the future development of high-performance bifunctional catalysts, we have benchmarked
current catalysts in terms of their catalytic activities. At last, several perspectives are put forward

to guiding further studies in the field of urea electrolysis.

2. Fundamentals of urea electrolysis

Urea electrolysis, consisting of anodic UOR and cathodic HER, can be used to realize energy-

efficient hydrogen production and simultaneous urea pollutant degradation. Generally, urea
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electrolysis is performed in 1 M KOH alkaline electrolyte in the presence of urea (in most cases,
0.1-0.5 M). As shown in Fig. 1a, urea electrolysis takes a significant smaller theoretical potential
0f 0.37 V for hydrogen generation than conventional water splitting (1.23 V), indicating a feasible
route towards sustainable hydrogen production from urea-based wastewater. For bifunctional

catalysts for urea electrolysis, good performance towards both HER and UOR is required.

2.1. HER mechanism

Mechanism investigations for the cathodic HER process in alkaline electrolytes gain great interest.
The HER will undergo the Volmer-Heyrovsky pathway or the Volmer-Tafel pathway (Fig. 1b),
which is generally determined by the value of calculated Tafel slope derived from linear sweep
voltammetry (LSV) curves. The Tafel slopes of the Tafel, Heyrovsky, and Volmer reactions are
around 30, 40, and 120 mV dec™! respectively. Accordingly, when Tafel slopes of catalysts fall with
the range of 40-120 mV dec™!, a Volmer-Heyrovsky mechanism is suggested. Of note, different
from HER in acidic media which store rich H* ions, alkaline HER starts from the
adsorption/dissociation of H>O on catalyst surface. In this context, water adsorption energy, water
dissociation energy, and H* adsorption-free energy are critical activity indicators in computational

studies.

Recently, it has been suggested that transition metal-based catalysts would undergo structure
reconstruction during HER with the formation of metal hydroxide phases on catalyst surface. For
instance, chalcogenide anions of metal chalcogenides can be readily replaced by OH™ in highly
alkaline electrolytes, thereby generating metal hydroxide on the surface of metal chalcogenides.?*
The metal hydroxide species on the chalcogenide/hydroxide composite has been found to help

dissociate water molecules and elevate catalytic performance.?’
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2.2. UOR mechanism

The electrooxidation of UOR is a complicated process, in terms of the diversity in reaction
conditions, catalysts, and oxidation products.> '3 ' To date, most bifunctional electrocatalysts for
alkaline urea electrolysis are based on transition metals (especially Ni), with main products of CO,
N2, and H20. In this part, the UOR process over Ni-based catalysts are discussed, and a
representative mechanism is illustrated in Fig. 1¢.!® Firstly, in situ generation of NiOOH phase on
catalyst surface under the alkaline and oxidative conditions is suggested, which acts as real UOR
active sites. The generated NiOOH then can react with the urea molecule and provide electroactive
sites for further intermediate adsorption/desorption/rearrangement, new chemical bond formation,
and finally leads to the conversion of urea into CO2, N2 and H20. As depicted in Fig. 1¢, two N-N
coupling pathways are put forward for possible N> formation mechanism, and it remains

challenging to directly determine a clear mechanism for UOR over a typical catalyst.

The self-oxidation degree of transition metal catalysts during UOR governs the understanding of
real active sites. For catalysts that undergo complete in situ electrooxidation, the parent catalyst
phase will entirely transform into a metal (oxy)hydroxide phase which determines UOR
performance.?® Differently, partial electrooxidation of original catalysts would lead to an active
core@shell nanostructure for UOR. Thus, it is necessary to thoroughly investigate structure self-
evolution of catalysts during UOR process, and gains insights of real active sites for UOR. Aside
from most Ni**-based NiOOH active phase, a Ni*' active site-involved UOR pathway has been
suggested by Zhang et al.,”” which exhibits better UOR performance than NiOOH-involved
process. Over a B-Ni(OH), catalyst, Chen and co-authors suggested that a spontaneous urea
molecule dehydrogenation mechanism, including six proton-coupled electron transfer processes,
hydration, as well as reactant rearrangement.”® Recently, Wang et al. developed a Co and Ge, co-
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doped Ni oxyhydroxide catalyst to convert urea into nitrite, which attained a Faradaic efficiency
of 84.9% at 1.4 V vs reversible hydrogen electrode (RHE).?’ These interesting results indicate that
it is too early to get a general conclusion on the UOR mechanism, and more studies are suggested

to uncover the catalyst-dependent mechanism with detailed experimental and computational tools.
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Fig. 1 (a) Scheme of urea electrolysis process and the reaction equations.'® (b) HER mechanism. (a) A possible UOR

mechanism.'?

3. Design principles of bifunctional electrocatalysts for urea electrolysis

Electrocatalysts’ activity and stability are critical for their practical application in urea electrolysis
(Fig. 2). In general, the catalytic activity of electrocatalysts is governed by the intrinsic activity of
per electroactive site and the amount of exposed catalytic electroactive sites. In addition, the HER

and UOR of urea electrolysis are interfacial reactions in electrolytes, and thus the fast charge
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transfer/mass transport process at the gas-liquid-solid triphasic interface is essential to improve the
performance. Besides activity, working stability of catalysts is another factor that determines their
feasibility of real application, which is largely affected by the nanostructure and fabrication process

of electrodes.

3.1. High intrinsic activity

Fundamentally, the intrinsic activity of electrocatalysts is determined by their electronic properties.
Thus, adjusting the electronic structure of catalysts becomes a powerful tool for enhancing
catalytic performance. Through regulating catalysts’ chemical composition, phase structure,
crystallinity, and introducing heteroatom dopants, defects/vacancies, it is sensible to reconstruct
the electronic structure of catalysts. Also, developing heterostructures which contain two or more
active components can lead to the interfacial interaction between different components, which can
also help to regulate electronic properties of host materials. For example, in the CoS2/MoS>
Schottky heterojunction, spontaneous charge transfer between MoS; and CoS: induces the
generation of separated nucleophilic/electrophilic regions.’® The modulated surface charge
distribution synergistically promotes the adsorption and break of urea molecules during UOR.
These practical strategies have been well illustrated for effectively boosting the intrinsic activity

of catalysts by reshaping the electronic properties.

Another route to boost the intrinsic catalytic activity of materials is introducing additional
electroactive phases, which can be achieved by heterostructure construction. The combination of
multiple active sites would help to boost diverse reaction steps (e.g., water adsorption/dissociation,
urea adsorption, hydrogen evolution, urea splitting, CO2 and N> generation and desorption) during

urea electrolysis. Typically, following the modular design principle, it is suggested to integrate a
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HER active material with a UOR active material into one electrocatalyst, with the aim of realizing

overall urea electrolysis.

3.2. High density of active sites

To ensure an efficient catalytic reaction process, it is necessary to provide high density of
electroactive sites on catalyst surface. For particle-shape electrocatalysts, decreasing the
agglomeration of particles is important for exposing more active sites; also, downsizing can
populate the electroactive sites. Both size/agglomeration reduction can be achieved by
nanostructure control, which relates to the detailed investigation of synthetic parameters.
Heteroatom doping, amorphization, and crystal facet engineering are also suggested to increase
the active sites. Typically, amorphous structures with flexible atomic arrangement and rich edge

sites are expected to possess higher density of active sites than the crystalline counterparts.’!

Constructing nanostructures with large specific surface area (SSA) and porosity is a commonly
applied strategy to populate active sites. For example, nanowires, nanospheres, nanotubes,
nanosheets, hollow structures, multi-channel structures, porous structures, core@shell structures,

and hierarchical structures are excellent for their high interconnected active area.

3.3. Efficient mass/charge transfer

As a gas generation process in electrolytes, urea electrolysis needs high mass transport and charge
transfer efficiencies. Designing open structures (e.g., nanoarrays, multi-channel structures,
hierarchical structures) with interconnected active surface is a good option to accelerate the
electrolyte penetration and the diffusion of reactants/intermediates, which also helps the interfacial

charge transfer during electrochemical reactions. The development of self-supported open
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structures is especially important for large-current density urea electrolysis, because of the
generation of huge number of gaseous products. Additionally, by applying highly conductive
carbon materials (such as carbon nanotubes (CNTs), graphene, N-doped carbon) into catalysts, it
is expected to construct an efficient charge transfer pathway among different components and

thereby accelerate the charge transfer process.

3.4. Long working stability

To meet the potential industrial application, robust electrodes with long-term stability are required.
For binder-involved electrodes, the working stability can be regulated by using stable chemical
components and by nanostructure control of catalysts. For example, using a carbon cover on Ni
particles is suggested to enhance the electrode stability by limiting the inactivation and
electrochemical etching of active Ni species.*? Also, the binder/catalyst ratio and other electrode

fabrication parameters influence the operating performance of electrodes.

Alternatively, one can directly design binder-free electrodes in which active components are self-
supported by conductive substrates, like nickel foam, nickel/iron foam, and carbon cloth. The
direct construction of active catalysts on substrates shows tight connection between the two
components, and thus enhances the mechanical stability. The self-supported electrodes also can
avoid the general active component shedding issue in binder-based electrodes. In addition, such

integrated electrodes show a simple preparation process and can save the electrode fabrication cost.

10
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Fig.2 Electrocatalyst design principles for urea electrolysis.

4. Applications of bifunctional electrocatalysts for urea electrolysis

Recently, hundreds of bifunctional electrocatalysts have been developed for urea electrolysis,
including SACs, metal nanoparticles, alloys, metal (hydr)oxides, chalcogenides, pnictides, MOFs,
composites, etc. Most of these catalysts are fabricated based on Ni and Co, because of their high
activity and low price. In this section, currently reported bifunctional catalysts are
comprehensively analyzed, and the rational design of bifunctional catalysts is emphasized and

outlined in Table 1.

Table 1 Representative bifunctional catalysts for urea electrolysis.

Category Electrocatalyst Key design strategy Electrolyte Eio* (V)

Ni@NCDs* Composite construction 1 M KOH + 0.5 M urea 1.47

11



Ni-Mo alloy nanotube

Nanostructure control 1 MKOH + 0.1 M urea 1.43
Metals and array’
alloys Ni-NiO-MoN;i* Composite construction 1 M KOH + 0.5 M urea 1.37
Rh/NiV-LDH* Single-atom catalyst I MKOH+0.33 Murea 1.47 (Ei0)
Nanostructure control,
CoFe,04 nanoneedle'! 1 M KOH + 0.33 M urea 1.47
vacancy engineering
Ru/P co-doped NiMoO4* Dual doping IMKOH+0.5Murea  1.73 (Es00)
Metal oxides Composite construction,
Ni3;S:-NiMoO,* 1 M KOH + 0.5 M urea 1.61 (Es00)
phase engineering
Composite construction,
NiMo0O4/Ni3S4/MoS,*’ 1 M KOH + 0.5 M urea 1.55 (Eso0)
nanostructure control
Co-doped Ni(OH),*® Doping 1 M KOH + 0.5 M urea 1.42
Metal CoN/Ni(OH),* Composite construction 1 M KOH + 0.5 M urea 1.43
hydroxides Doping, nanostructure
P-doped NiCoZn LDH"* IMKOH+0.5Murea  1.479 (Ei00)
control
NiCo,S4 nanosheets*! Nanostructure control 1 M KOH + 0.33 M urea 1.49
Fe-doped Ni;S,* Doping 1 M KOH + 0.33 M urea 1.49
Metal Composite construction
Se/NiSe,* 1 M KOH + 0.33 M urea 1.59
chalcogenides (Schottky heterojunction)
Amorphous Ni-S-Se* Phase engineering 1 M KOH + 0.5 M urea 1.47
Ni3S:@CoMoS4/NiFeOOH*  Composite construction IMKOH+0.5Murea  1.66 (Ei00)
Ni3N nanosheets*® Nanostructure control I MKOH +0.5Murea  1.503 (Ei00)
Component optimization,
Hollow NiCoP nanoprisms*’ 1 M KOH + 0.5 M urea 1.36
Metal nanostructure control
pnictides Mo, Fe co-doped Co,P* Dual doping 1 M KOH + 0.5 M urea 1.415
Ni3N/Nip>Mog sN nanorod Composite construction,
1 M KOH + 0.5 M urea 1.348
arrays® nanostructure control

12
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Composite construction,
CoS,/Co-MOF** 1 M KOH + 0.5 M urea 1.48
nanostructure control

Fe-doped Ni MOF Nanostructure control,
Others 1 M KOH + 0.33 M urea 1.431
nanosheet arrays®' doping
Ni-Co-B nanoparticles™ Component optimization 1 M KOH + 0.33 M urea 1.34
NiF3/Ni,P% Composite construction 1 M KOH + 0.33 M urea 1.54

Note: *Ejo: applied potential at a current density of 10 mA cm 2 for urea electrolysis; "LDH: layered double hydroxide

4.1. Metal nanoparticles, and alloys

Metallic catalysts, with high electronic conductivity, are efficient for diverse electrochemical
reactions. Ni has high intrinsic activity for UOR and HER,** while the aggregation of Ni
nanoparticles during the conventional pyrolysis process significantly limits the electroactive area
and leads to low catalytic performance. To address this issue, some studies focus on engineering
Ni-based precursors with isolated Ni ions. Oxygen-based functional groups on carbon materials
can provide rich binding sites for Ni**, and the pyrolysis of Ni?*-carbon complexes can lead to
Ni/carbon composite material with highly dispersed Ni nanoparticles.>? In alkaline electrolytes,
carbon also provides a protective cover for Ni active sites by limiting the leaching and inactivation
of Ni. Another mainstream route to prepare isolated Ni nanoparticles is designing MOF-based
precursors, in which Ni?* can be separated by organic ligands. In 2018, Wang et al. developed a
Zn/Ni-BTC (BTC: 1,3,5-trimesic acid) MOF as a precursor of the Ni/C catalyst.>® After a
calcination process, the obtained Ni/C catalyst shows a high Brunauer—-Emmett—Teller (BET)
specific surface area (SSA, 438 m? g!) and a high pore volume (0.605 cm? g™'). Using for urea

electrolysis, the bifunctional Ni/C can attain 10 mA cm™ at 1.6 V.

13
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Alloying is a powerful strategy to raise metals’ intrinsic activity via tuning their electronic
properties. Several bimetallic alloys have exhibited favourable performance towards urea
electrolysis, such as AuRh,*® Cug sNios,”” and Ni-Mo alloy’. Although the noble metal-based AuRh
catalyst has an excellent activity for urea electrolysis (E100 = 1.47 V),>® the high price of Au and
Rh would limit its practical applications. Alternatively, Ni-based low-cost alloys attract growing
interest. With a facile electrodeposition process, Zhang and coauthors developed a metastable
CuosNigs alloy which has a nanoparticle structure (Fig. 3a-b).5’ Benefitting from the strong
electronic interaction between Cu and Ni and the metastable feature, CuosNio.s alloy/NF shows
high performance towards both HER and UOR. Especially, the Cuo.sNio.s alloy is more favourable
for the in situ structure reconstruction during UOR process and can generate electroactive NiOOH
phase at lower potentials than bare Ni (Fig. 3¢). The bifunctional Cuo.sNio.s alloy/NF can save 305
mV at 100 mA cm 2 for urea electrolysis than for water electrolysis (Fig. 3d), indicating an energy-

saving hydrogen production process.

Designing composite materials include alloy/carbon and alloy/metal compound composites can
enhance the performance of alloys. The intention for constructing alloy/carbon composites is to
improve the dispersion of active alloy particles and improve the conductivity of catalysts. N-doped
carbon® and ordered mesoporous carbon®® are thus developed for supporting Ni-based alloys.
Coupling alloys with another electroactive material can help to improve the intrinsic activity. It is
suggested that low-valence metal species in alloys are highly effective for HER,*® while high-
valent metal species can facilitate in situ evolution of metal oxyhydroxide phases during UOR.®!
In this context, metal oxides and sulfides have been extensively studied to promote catalytic
activities of alloys. Interestingly, Wang et al. created a CoMn/CoMn204 composite directly from

CoMn,04 with a facile electrochemical treatment (Fig. 3e), which is composed of nanoflake arrays

14
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(Fig. 3f).5? Aside from the generation of multiple active sites, spontaneous charge transfer at the
CoMn/CoMn;04 Schottky heterostructure interface promotes reactant absorption and chemical
bonds breaking, thereby initiating the splitting of urea and water (Fig. 3g). The bifunctional
CoMn/CoMn204 catalyst can efficiently catalyze urea electrolysis (E10 = 1.51 V), and realizes
energy-saving hydrogen production compared with water electrolysis (E10 = 1.64 V) (Fig. 3h-i).
Composites  like ~ MoNis/MoOx@NF,®  Ni-NiO-MoNi,*>  MoNiFeSy@FeNi3,**  and
NiMo@ZnO/NF® also exhibit good performance towards urea electrolysis. In this studies, the

33,65 5

importance of multi-valence of metal species®® and nanostructure in determining the catalytic

performance has been outlined.
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electrolysis and urea electrolysis.®?
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4.2. Metal oxides

Transition metal oxides are widely used in electrocatalysis due to their high activity, eco-
friendliness, facile preparation, and low cost. For urea electrolysis, a series of Ni and Co-based
oxides have been developed. Catalysts-based on Ni(Co)MoOx are the most frequently reported
because of dual active sites of Ni/Co and Mo for urea electrolysis.®® Representatively, in the
Co:Mo30s catalyst, the high-valence Mo®" species and the in situ generated Co3;Os phase
contribute to the high UOR.®” In terms of HER, the Co atom is responsible for breaking H-OH
bond and the Mo site acts as hydrogen evolution center. The combination of Co and Mo in the

oxide thus leads to a synergistic effect for urea electrolysis.

The catalytic properties of metal oxides generally can be regulated by oxygen vacancy construction
and heteroatom doping. Oxygen vacancy can be easily introduced by a facile reduction treatment'!
or chemical etching®®. The oxygen-deficient oxides can provide better HER and UOR performance
than the pristine one. Zhang et al. suggested that oxygen vacancy in CoFe>O4 can boost the
electrical conductivity of catalyst,!! while how the oxygen vacancy tune the elemental reaction
steps of urea electrolysis has not been studied. Heteroatom doping also holds great promise for
improving oxides’ catalytic activities. Metal dopants like Fe and V have been investigated to
regulate the properties of NiC0204%° and Co304’°, respectively. Beyond single doping, dual doping
seems to be more effective. Ni, N-codoped NiMoO4’! and Ru/P dual-doped NiMoO4* have
exhibited upgraded performance for urea electrolysis than their single-doping counterparts. Guo
found that the Ru, P dual-doping finely modulated the d-band center of NiMoOs, thereby

optimizing adsorption/desorption behavior of reaction intermediates.>
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Constructing oxide-based composite catalysts is another efficient method. Integrating metal oxides
with metal particles,” alloys,”” oxides,” sulfides,” phosphides,’ and carbon materials”” have been
explored. The introduction of carbon materials can improve the conductivity of catalysts and the
interaction between oxides and carbon ensures long-term stability.”® In terms of metallic materials,
their combination with oxides can not only raise the conductivity but also provide new active sites.
In the Ni/NiMoOx electrocatalyst, the interface between Ni and NiMoOx benefits the conductivity
and modulates the surface polarization of the catalyst, thereby enhancing the UOR activity.”” The
beneficial effect of the coupling interface between metallic sites and meta oxides is also found in
the CoMoO@Co composite,”’ Ni@C-V203/NFE,* and FeNi3-MoO”>. Considering the success of
metal oxides/carbon and metal/metal oxides, developing tricomponent metal/metal oxides/carbon
composites becomes a sensible choice. As reported, Xu and coworkers designed a Ni/NiO hybrid
on N-doped carbon spheres (CA-Ni/NiO@NCS) by the two-step hydrothermal process-
carbonization method (Fig. 4a).8! The TEM image shows that the well dispersion of nanosized
Ni/NiO particles on the carbon support (Fig. 4b), and an amorphous NiO-crystalline Ni interface
can be observed from the HRTEM images (Fig. 4c-d). Noting, the rich amorphous/crystalline
interface is able to adjust the electronic structure of the composite and thus optimize
absorption/desorption behavior of reactants and reaction intermediates. Also, abundant unsaturated
edge sites on the amorphous phase will provide highly active sites and promote the mass/charge
transport during electrochemical reactions (Fig. 4e). As such, the composite exhibits good

activities for urea electrolysis, with an E1o of 1.475 V (Fig. 4f).

Metal oxide/metal X (X =0, S, P) composites hold promise for urea electrolysis. The incorporation
of metal X components can improve metal oxides’ performance in multiple ways, in terms of

intrinsic activity, active sites, and stability. For example, Xu et al. suggested that the CrOx in
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Ni/NiO@CrOx could accelerate the in situ evolution of NiOOH phase and provide a protective
effect to enhance the stability for UOR.®? In a tricomponent NiMoO4/Ni3S4/MoS,, the synergistic
effect between Ni, Mo, and S with diverse valences favors both UOR and HER, and a low potential
of 1.55 V is needed for attaining 50 mA cm™2.37 It is interesting to find that coupling metal oxides
with components having other functions can form novel electrocatalytic systems. Jiang and
coauthors combined sulfur-doped NiMoOs with plasmonic MoO: (S-NiMo/NF) for solar
thermoelectric self-powered urea electrolysis.®3 The S-NiMo/NF composite has good plasmonic
absorption and photothermal conversion abilities, which offers the opportunity of designing
photothermal-assisted urea electrolysis. When integrated with a solar thermoelectric generator
(STEG), the system can realize self-powered thermoelectric urea electrolysis with a high Hz
generation rate of over 160 pmol h™!. In another Ni-modified WO3/g-C3N4 composite (WO/CN—
Ni@CF), both WO3; and g-C3N4 have well-confirmed photocatalytic performance. Thus, the
bifunctional WO/CN-Ni@CF driven photoelectrochemical urea electrolysis can save energy (0.3
V at E10) for hydrogen production than the conventional electrochemical process.®* By developing
external field (e.g., heat, light)-responsive functional composites, such attempts can reduce the

energy cost of urea electrolysis by utilizing solar energy.
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Fig. 4. (a) Schematic of the preparation of CA—Ni/NiIO@NCS (CA: crystalline/amorphous). (b) TEM and (c, d)
HTREM images of CA—Ni/NiO@NCS. (e) Scheme of the performance interpretation for CA—Ni/NiO@NCS. (f)

Comprehensive catalytic activities of CA—Ni/NiO@NCS.*!

4.3. Metal hydroxides

With a lamellar two-dimensional (2D) structure, metal layered double hydroxides (LDHs) are
extensively applied in electrocatalysis. Aside from the 2D structure, the merit of facile preparation,
flexible composition, and low toxicity make LDHs good catalysts for diverse applications.
However, similar to metal oxides, the low conductivity of LDHs hinders their applications. In

addition, the limited catalytic edge sites of LDHs are another unfavorable factor as electrocatalysts.
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Current efforts have focused on addressing these issues by phase regulation, nanostructure control,
vacancy introduction, elemental doping, and composite construction. For instance, the amorphous
NiFeCo LDH/NF can catalyze urea electrolysis at 1.49 V (10 mA cm2), and the amorphous nature
enhances the performance by affording high electrochemically active surface area (ESCA) and

accelerating charge transport.®’

Tian et al. emphasized the importance of hierarchical quaternary
superstructure of NiCo-LDH in urea electrolysis.3 The three-dimensional (3D) hierarchical

structure can expose rich active sites and accelerate mass/charge transfer.

To improve the intrinsic activities of LDHs, building oxygen vacancies and heteroatom doping
gain much attention. The presence of holes on NiFe-LDHs leads to rich oxygen vacancies, which
further help to expose more electroactive sites and regulate catalysts’ electronic structure.’’ Via a
plasma treatment, Yao et al. successfully constructed oxygen vacancies on a N-doped Ni-Fe
oxyhydroxide.®® The oxygen vacancy-doping dual-engineered catalyst can drive 10 mA cm™ at
1.37 V. Density functional theory (DFT) calculations indicate oxygen vacancy and nitrogen dopant
boost catalytic performance by increasing the conductivity of Ni-Fe oxyhydroxide. In a Ru-doped
NiFe-LDH (NiFeRh-LDH) synthesized via a hydrothermal method (Fig. 5a), oxygen vacancies
are also found.®’ The NiFeRh-LDH shows an interconnected nanosheets nanostructure (Fig. 5b).
Further analysis suggests that urea molecules favor to adsorb on the oxygen vacancy-rich NiFeRh-
LDH, and an optimized urea adsorption energy can be obtained on the Rh-doped LDH catalyst.
With these advantages, NiFeRh-LDH can attain high activity and stability (Fig. 5c-e) for the
electrolysis of pure urea solution and real urine wastewater (E10 = 1.35 V). Besides regulating the
electronic properties of LDHs, metal dopants (e.g., Co) also can accelerate the in situ conversion

of a-Ni(OH), to NiOOH during UOR, thereby enhancing the catalytic performance.*®
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Another method to upgrade the catalytic performance of LDHs is constructing heterostructures.
Aiming at improving the conductivity and alleviate the activity of LDHs, carbon, metal
nanoparticles and metal oxides/sulfides/phosphides/nitrides have been introduced.?® **->* Carbon
materials like multiwalled carbon nanotubes (MWCNTs)’! and fullerene quantum dots* can help
to compensate the conductivity of LDHs, and importantly, fullerene quantum dots are suggested
to precisely tune electronic properties of CoNi-LDH and thereby favor rection intermediate
adsorption during urea electrolysis. The coupling of metal-bearing components with LDHs also
can provide active sites and optimize catalysts’ electronic properties. Gao et al. found that the
electron transfer between Ni(OH), and Ni favors urea adsorption,”® while WO; in the
Ni(OH)2/NiO-C/WO3 composite can transform Ni centers into highly active species for both HER
and UOR®. In the amorphous P-doped FeOOH/crystalline NiFe phosphide (P-NiFeOxHy)
composite array structure prepared by a corrosion-phosphorization method (Fig. 5f-g), the
crystalline NiFe phosphide is tightly combined with the amorphous FeOOH (Fig. 5h).°® In the
multiphase composite, NiFeP provides abundant active sites and high electronic conductivity,
amorphous  P-doped FeOOH  enhances the adsorption of oxygen-containing
reactants/intermediates. In addition, the amorphous/crystalline structure together with the
superaerophobic and superhydrophilic surface forms a synergistic effect, leading to rich active
sites and enhanced mass/charge transfer. Combining with the photovoltaic equipment, the
bifunctional P-NiFeOxHy driven urea electrolysis system can respond speedily and realize stable

hydrogen production without additional voltage input (Fig. 5i-j).
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Fig. 5. (a) Scheme of the synthesis of Ru-doped NiFe-LDH. (b) SEM image of Ru-doped NiFe-LDH. (c) Picture of
the urea electrolytic reactor. (d) LSV curves of water electrolysis, urine electrolysis, and urea electrolysis. (e) Urea
electrolysis stability of bifunctional Ru-doped NiFe-LDH and commercial RuO»||Pt/C couple.® (f) Illustration of the
preparation of P-NiFeO.Hj. (g) SEM and (h) TEM images of P-NiFeOxH,. (i) J-t profile under chopped illumination,
inset shows an illustration of solar-driven urea electrolysis system. (d) Stability test of a solar cell-driven urea

electrolysis.”

4.4. Metal chalcogenides

Metal chalcogenides (i.e., sulfides, selenides, and tellurides) are a group of promising
electrocatalysts for urea electrolysis owing to their metallic feature and unique electronic
structure.”” *® To develop high-performance metal chalcogenide catalysts, researchers have made
efforts for enlarging active surface area by nanostructure control and enhancing intrinsic activity
by phase regulation, heteroatom doping, and composite construction.

23



376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

Limited active sites are a main issue that hinders the catalytic performance of electrocatalysts,
which can be well alleviated by nanostructure control. Compared with nanoparticles, metal sulfide
arrays developed by hydrothermal process-involved methods gain growing interest. To date, CoS>

190 porous NiCo02S4 nanosheet array,*' Ni-Co-S nanosheet

nanoneedle array,” CoNi»S4 nanosheets,
array,'?! Fe-Ni sulfide nanoarray,'*? Ni3S, nanowires,'* caterpillar-like NiCo,Ss array,'™ and SnS
nanosheet array'® have been developed for urea electrolysis. By vertically loading CoNi»S4
nanosheets on wood cell walls, Jiang and coauthors suggested that the 3D hierarchical porous
wood framework and ultrathin CoNi>S4 nanosheets synergistically provides abundant catalytic
active sites, expedites mass/charge transfer, and accelerates the diffusion of gaseous products
during the electrochemical reactions.!®® Another route to engineer catalysts with high surface area
is using MOF-based precursors. Starting from a hierarchical PBA@MOF-Ni (Ni-Co Prussian blue
analogue on MOF-Ni) hybrid, Xu et al. developed a Co-Ni/Se with a solvothermal method.'% The
obtained Co-Ni/Se shows a hollow nanocube structure and maintains the flower shape of the
precursor. Working as a bifunctional catalyst, Co-Ni/Se just takes 1.49 V at 10 mA cm 2. A cobalt-
based MOF (ZIF67)/Co(OH)2 nanosheet composite also has been used as a precursor for designing
yolk-shell CoSe, nanostructure.'%” These finely tuned nanostructures generally possess large SSA
and well-exposed active sites on the interconnected structure, which could accelerate mass/charge

transfer and reinforce the diffusion of electrolytes and gas bubbles during urea electrolysis, which

is extremely important for the operating situation under high current densities.

Amorphous chalcogenides have rich dangling bonds and unsaturated atoms which are highly
active sites for electrochemical reactions. Generally, the flexible electronic structure of amorphous
materials makes them more active than their crystalline counterpart. Thus, several amorphous

chalcogenides have been designed for urea electrolysis, like electrodeposited amorphous Ni-Mo-
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S film,!%® porous and amorphous CoSx(OH)y,!® and amorphous Ni-S-Se**. Chen and co-authors
recently developed amorphous Ni sulfide (Ni-S), selenide (Ni-Se), and sulfoselenide (Ni-S-Se) via
a two-step process (Fig. 6a).** The Ni-S-Se catalyst is composed of nanoplate array (Fig. 6b), and
the X-ray diffraction (XRD) patterns suggest an amorphous state (Fig. 6c¢). Ni-S-Se has a higher
p-band center for S than Ni-S (Fig. 6d); thus, S sites in Ni-S-Se have a stronger adsorption strength
of H* intermediate than that in Ni-S. Such electronic property leads to a better HER performance
of Ni-S-Se. In addition, the hybridization of electrons from Se, S, and Ni benefits electron
interaction/transfer between different active sites (Fig. 6e), contributing to high activity towards
UOR and HER. The bifunctional Ni-S-Se can drive urea electrolysis to realize an energy efficient
hydrogen production (Fig. 6f-g). Although this study has employed DFT calculations to explain
amorphous Ni-S-Se catalyst’s high activity, one should keep in mind that building a precise crystal
model for amorphous materials remains a challenge and it is thus important to carefully check the

structure rationality of amorphous catalysts.

Heteroatom doping can alter the electronic structure of metal chalcogenides, and thus alleviate the
intrinsic activity for urea electrolysis.!!® Liu et al. found that the doping of Fe into Ni3Sz could
modify the coordination structure of Ni atoms and further optimize adsorption energies of reaction
intermediates on Ni sites.*> In another study, the Fe dopant in a hydrothermally synthesized
hierarchical Ni3S; electrode (Fig. 6h-i) is suggested to limit S dissolution and accelerate catalyst
reconstruction during electrochemical process.!!! Also, Fe dopant help to optimize the adsorption
of intermediates and push the d-band center to the Fermi level, facilitating catalytic reactions. As
a result, the Fe-Ni3S; only takes 1.57 V at 100 mA cm 2, and shows high stability over 500 h (Fig.
6j-k). Aside from tuning electronic properties, doping can also reshape the nanostructure of nickel

sulfides. Compared with Ni3S, nanosheets, the Mo-doped Ni3Sz shows a morphology of branch-
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like nanorods due to the anisotropic growth of MoO4?~ during the hydrothermal process.!!? Thus,
the Mo-doped Ni3S; has more active sites for urea electrolysis. Similarly, Mn dopant exhibits a
positive effect on the morphology of Ni—Se prepared by electrodeposition, and the Mn-
incorporated catalyst also benefits from the enhanced electrons transfer from Mn to Ni, thereby

leading to a better adsorption strength of reactants and intermediates.''?
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Fig .6 (a) Schematic of the synthesis of Ni-S-Se. (b) SEM image and (c) XRD patterns of Ni-S-Se. (d) Density of state
(DOS) of S’s p orbital for Ni-S-Se and Ni-S. (¢) DOS of Se p, S p, and Ni d orbitals for Ni-S-Se. (f) Scheme of a urea
electrolyzer. (g) Polarization curves of bifunctional Ni-S-Se/NF for urea electrolysis and water electrolysis.* (h)
Scheme of the fabrication of Fe-Ni3S; electrode. (i) SEM image of Fe-Ni3Sa. (j) LSV curves for water electrolysis and

urea electrolysis using bifunctional Fe-Ni3S,. (k) Stability curves of Fe-Ni3S, for water electrolysis and urea

electrolysis.!!

Integrating the merits of multi-components into one catalyst exhibits high efficiency to upgrade
the catalytic performance of chalcogenides due to the interfacial synergetic and electronic

modulation. Chalcogenide/carbon, ' chalcogenide/metal,!!® chalcogenide/alloy,!'®

26



437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

117 118

chalcogenide/(hydr)oxide, chalcogenide/phosphide, and chalcogenide/chalcogenide
hybrids!'® 120 have been designed for urea electrolysis. Carbon materials (e.g., graphene,!”!
MWCNTs,'™* and N-doped carbon'??) are generally employed to enhance the electronic
conductivity and benefit active sites exposure and electron transport of chalcogenide-based
catalysts. Interestingly, Zhang et al. found that the interfacial interaction between N-doped carbon
and Ni center promotes water dissociation and optimizes H* adsorption/desorption, with a thermo-
neutral hydrogen adsorption free energy.'”? In terms of chalcogenide/metal compound
heterostructures, most studies focus on the interfacial interaction-regulated electronic properties,
and the introduction of additional catalytic active sites. These two effects are account for
explaining the enhanced intrinsic activities of chalcogenide/metal compound composites. For a
Fe-doped CoossSe/FeCo LDH composite (Fe-CoossSe/FeCo LDH) synthesized via a partial
selenization treatment (Fig. 7a), the formation of interfacial bonding between Fe-Coo.ssSe and
FeCo LDH results in electron redistribution and regulated electronic structures.'>* Compared with
the single phase counterparts, the Fe-doped Coo.ssSe/FeCo LDH composite exhibits better HER
and UOR performance. At 100 mA cm 2, the composite can save 0.16 V for UOR than OER (Fig.
7b), suggesting an boosted anodic reaction. Further in situ Fourier transform infrared (FTIR)
spectra indicate an CNO™ intermediate during UOR (Fig. 7c-d). DFT calculations disclose that the

interface bonding facilitates H adsorption/desorption for HER and promotes urea

adsorption/activation/dissociation during UOR (Fig. 7e-f).

Among diverse composite catalysts, Mott—Schottky heterojunctions that couple a semiconductor
with a metallic component at nanoscale gain great interest. In a Mott—Schottky heterojunction,
electrons spontaneously flow across the heterointerface and form a built-in electric field, which

redistributes electron cloud densities and forms local electrophilic/nucleophilic regions.'?*
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Recently, Se/NiSe»,* C0S2/M0S2,>® MoS2/NizS2,!*  and NiS/MoS:!?¢  Mott-Schottky
heterojunctions have been fabricated for urea electrolysis. Take the hydrothermally synthesized
NiS/MoS; as an example (Fig. 7g), the spontaneous electron transfer from MoS; to NiS leads to a
built-in electric field (Fig. 7h-j).'?® The built-in electric field accelerates charge transfer efficiency
and modifies adsorption strength for reaction intermediates, ultimately accelerating water and urea
molecule dissociation. Together with its hierarchical structure and superior hydrophilicity (Fig.
7k), the NiS/MoS, composite significantly outperforms the NiS and MoS; analogues for UOR
(Fig. 71) and HER.
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Fig .7 (a) Scheme of the fabrication of Fe-Coo.ssSe/FeCo LDH. (b) LSV curves of Fe-CoossSe/FeCo LDH for OER
and UOR. (c¢) Time-dependent FTIR profile of Fe-Cog.gsSe/FeCo LDH during UOR at 1.45 V vs. RHE. (d) Illustration
of possible intermediates in UOR. (e) HER free energy profiles of Fe-CoggsSe/FeCo LDH, Fe-CoossSe, and FeCo
LDH. () Simplified UOR free energy profiles of Fe-CoossSe/FeCo LDH, Fe-CoossSe, and FeCo LDH.'? (g)
Tllustration of the synthesis of NiS/MoS,@CC. (h) and (i) Energy band profiles of MoS; and metallic NiS before and
after contact. (j) Scheme of the charge transfer process between NiS and MoS,. (k) contact angle image of

NiS/MoS,@CC. (1) LSV curves of MoS@CC, NiS@CC, and NiS/MoS,@CC for UOR.!2¢
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4.5. Metal pnictides

Transitional metal pnictides, i.e., nitrides and phosphides, are well investigated urea electrolysis
electrocatalysts for their high electrical conductivity, good redox activity, flexible composition and
phase, as well as low cost.*® Many Ni/Co/Fe-based pnictides exhibit good performance towards
both HER and UOR, and researchers have concentrated on design strategies like nanostructure

control, chemical composition optimization, heteroatom doping, and heterostructure construction.

High-performance nitrides and phosphides with diverse nanostructures have been developed.
Generally, nitrides and phosphides synthesized via direct high-temperature processes show a
nanoparticle structure,'?” which bears the drawback of low SSA and thus limited active sites. To
address this issue, it is sensible to use hydrothermally synthesized metal oxides/hydroxides and
MOFs as the precursor for metal nitrides and phosphides.*® 12312 The two-step synthetic route
can obtain nitrides and phosphides with high active area. For example, Liu and coworkers
developed NixP nanoflake arrays on carbon cloth from the NiO nanoflake arrays via low-
temperature phosphization, and large open spaces between nanoflakes ensure rich active sites are

and accelerate electrolyte/gaseous product diffusion during electrochemical reactions.!?

Compared with binary transition metal pnictides, ternary and quaternary pnictides with two or
more metal components exhibit better electrocatalytic performance. Introducing additional metals
into pnictides can populate active sites, and regulate the electronic properties of catalysts via
intermetallic electron transfer.*® NiCoP,"*! NiFeP,'*? FeCoP,'** CoMoN,'*° and NiVMnN"** are
representative bifunctional ternary and quaternary pnictide catalysts for urea electrolysis. Starting
from a Ni-Co Prussian blue analogue, Ding et al. designed a hollow NiCoP nanoprism catalyst

(Fig. 8a-c).’ Due to the presence of Co, the NiCoP catalyst outperforms Ni>P for both UOR and
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HER. As a bifunctional catalyst, NiCoP can attain 100 mA cm 2 at 1.57 and 1.77 V for urea
electrolysis and water electrolysis respectively (Fig. 8d). Computational results disclose that the
introduction of Co improves the DOS at the Fermi level, boosting water dissociation and hydrogen
evolution steps and enhancing the absorption of water and urea molecules (Fig. 8e-g). Similar
enhancement has been found in the CoNi oxyphosphides (CoNiOP) developed with a MOF
precursor (Fig. 8h).!3° CoNiOP exhibits better performance than CoOP for urea electrolysis due to
the accelerated in situ phase transformation and optimized intermediates adsorption processes
induced by the electrons transfer from bimetal centers to anion at the interface (Fig. 8i-j). In the
quaternary NiVMnN, the introduction of Mn?" helps to stabilize high-valence V°* and Ni** species,
providing stable electroactive sites. The effective electronic transition between Mn and Ni also
contributes to excellent UOR performance.!** A key issue related to the component regulation is
the rationalization of metal ratios in metal pnictides, which should largely affect the catalytic

performance but little attention has been paid on it.
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Fig. 8 (a) Diagram of the synthesis of NiCoP. (b) SEM and (C) TEM images of NiCoP. (d) LSV curves of bifunctional
NiCoP for water electrolysis and urea elkectrolysis. Energy profiles for (e) water dissociation, (f) hydrogen evolution,
and (g) urea and water adsorption over NiCoP and Ni;P.#’ (h) Scheme of the preparation of CoNiOP. (i) DFT

calculation models of UOR reactions over CoNiOP. (j) Free energy diagrams of UOR over of CoNiOP.!3

Doping metal pnictides with metals or nonmetals allows to regulate the electronic properties of
catalysts, thereby enhancing the catalytic performance. For example, introducing Co into the Ni-
P-O catalyst decreases the conversion potential of Ni>*/Ni** and the UOR onset potential; for HER,
the Co dopant enhances the water dissociation ability of Ni(OH), and the hydrogen desorption
process of NiP.'*® For the V-doped NisN,'*” Ru-doped NisN,'3® and Mo, Fe co-doped Co2P*,
dopants have been evidenced to regulate the adsorption of reaction intermediates and lead to near
zero Gibbs free energy. Aside from most metal-doped pnictides, oxygen-incorporated NiMoP
developed by Jiang et al. shows upgraded performance for urea electrolysis.!*® Although oxygen
does not act as the active site, the presence of oxygen modulates the electronic environment of Ni
site, facilitates water dissociation for HER, and optimizes intermediate adsorption/desorption for

UOR.

Metal pnictide/carbon composites are developed to enhance the performance of catalysts.
Incorporating 2D graphene is suggested to improve the conductivity of pnictide catalysts.'#0-14?
Differently, carbon materials may also contribute to the intrinsic activity and stability of catalysts.
For the carbon coated NiCoP with a sea urchin-like nanostructure, the carbon layer promotes the
charge transfer efficiency and structural stability of catalyst.!** Xiao et al. suggested that the N-
doped carbon layer on Ni;P nanoparticles not only boosted the electrical conductivity and long-

term stability but also improved electrolyte/gaseous transport by maintaining a peapod-like

nanostructure.'* In the 2D CoP/carbon particle composite, the inserted carbon particles increase
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the catalytic performance by exposing more electroactive sites, improving contact area between
electrolyte and catalyst active surface, and accelerating the mass/electron transfer efficiency in

urea electrolysis.'#

Hybridizing metal pnictides with other electroactive components is effective in attaining high-
performance catalysts. Metals, ¢ oxides,'¥” hydroxides,'*® sulfides'* % and pnictides'>! 152 have
been employed to regulate the properties of metal pnictides. These metal pnictide-based
heterostructures share the common feature of enlarged active surface area and enhanced intrinsic
activities due to the interface interaction between pnictides and the other active components. For
instance, the Mo particles/Ni-P matrix (Mo/Ni-P) synthesized by electrodeposition (Fig. 9a)
combines the merits of both multi-valence Mo and NiP species for efficient urea electrolysis.!3 At
1.55 'V, the bifunctional Mo/Ni-P can attain 50 mA ¢cm™2, with a high stability for 12 h at 100 mA
cm™2 (Fig. 9b-d). Furthermore, the Mo/Ni-P involved urea electrolysis process successfully works
in a solar-H»-electricity conversion system, and the electric fan is driven by the solar-hydrogen
conversion device (Fig. 9e). In another Ni/WsN4 Mott-Schottky heterojunction, the charge transfer
at the interface is considered a main reason for explaining its high catalytic performance towards
urea electrolysis (Eio = 1.33 V).1* For some Ni/Co-free pnictides which has good HER
performance, it is necessary to introduce a Ni/Co-based components to enhance their UOR
activities. Wang and co-authors developed a MoP@NiCo-LDH composite via a hydrothermal
process-phosphorization-electrodeposition method (Fig. 9f).'** Compared with MoP and NiCo-
LDH, the composite exhibits better performance for both HER and UOR. It is found that the NiCo
hydroxide can effectively adsorb OH groups and accelerate water dissociation for HER, and the in
situ generated NiCo oxyhydroxide phase boosts the UOR performance. For overall urea

electrolysis, a lower potential (~1.4 V) is required for MoOP@NiCo-LDH to achieve 100 mA cm™
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than its counterparts (Fig. 9g-h). The out-layer LDH also benefits the stability of catalyst, and a
stable current density is recorded for 20 h; also, the composite has good structural stability (Fig.
9i-j). Following such a modular design principle, NiP2/ZnP4'>* and NisN/Mo,N'*! have also been

innovated for urea electrolysis.
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Fig. 9 (a) Scheme of the synthesis of Mo/Ni-P. (b) Illustration of the urea electrolysis system. (c) LSV curves of
bifunctional Mo/Ni-P for urea electrolysis and water electrolysis. (d) Stability curve of Mo/Ni-P for urea electrolysis.
(e) Image of the solar-Ha-¢lectricity energy conversion device.!> (f) Illustration of the preparation of MoP@NiCo-
LDH. (g) LSV curves of bifunctional MoP@NiCo-LDH for water electrolysis and urea electrolysis. (h) LSV curves
of bifunctional MoP@NiCo-LDH, MoP, NiCo-LDH, and IrO;|[Pt/C couple for urea electrolysis. (i) I-t curve of
MoP@NiCo-LDH at 1.30 V for urea electrolysis. (j) Image of MoP@NiCo-LDH/NF as electrodes for urea electrolysis

and SEM image of MoP@NiCo-LDH/NF after 20 h stability test.'>*

4.6. SACs, MOFs, and others
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SACs emerge as effective catalysts for diverse applications, due to their ultrahigh atomic
utilization efficiency. In SACs, highly isolated metal-atoms (in most cases) are anchored on
substrates with a large SSA. The coordination environment of SACs governs the catalytic
performance, and thus it is important to design suitable substrates for the central single metal atoms.
For example, loading Pt single atoms onto defective NiCo LDH (Pt/D-NiCo LDH) is proved to be
an efficient method to develop a bifunctional catalyst for urea electrolysis.!*® With a hierarchical
architecture, rich single Pt atomic sites, and abundant edge sites, the Pt/D-NiCo LDH catalyst can
catalyze urea electrolysis at 1.32 V for 10 mA cm 2. Similarly, NiV LDH has been used to support
Rh SACs (RW/NiV-LDH) by a hydrothermal method (Fig. 10a).>* The Rh/NiV-LDH catalyst
composes of densely interconnected nanosheets (Fig. 10b), which can provide rich ECSA and
accelerate mass/charge transfer during electrochemical tractions. In addition, the aberration-
corrected high-angle annular dark-field scanning TEM (AC-HAADF-STEM) images display rich
and highly dispersed Rh dots with significant contrast on the LDH support (Fig. 10c-d). Compared
with Ni(OH), and NiV LDH, the Rh/NiV-LDH exhibits much better performance towards urea
electrolysis (E100 = 1.47 V, Fig. 10e), and the urea electrolysis significantly realizes urea removal
with high stability for 3 cycles (Fig. 10f). Mechanism study reveals that Rh/NiV-LDH possesses a
higher d-band center than NiV-LDH (—3.432 vs. —3.685 eV), thereby higher interactions with
reaction intermediates. The hydrogen adsorption free energy (AGu+) and UOR energy profiles
further emphasize the critical role of Rh sites in the adsorption/activation of HER and UOR
intermediates (Fig. 10g-h). Both reported Pt and Rh-based SACs show good performance but
utilize noble metals, and further work may develop Ni or other low-cost metals-based SACs for

urea electrolysis.
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Fig. 10 (a) Schematic of the fabrication of Rh/NiV-LDH. (b) SEM image of Rh/NiV-LDH. (c, d) Aberration-corrected

STEM images of Rh/NiV-LDH. (e) LSV curves of Rh/NiV-LDH and its counterparts for urea electrolysis. (f) Urea
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elimination efficiency and recyclability performance. (g) Calculated AGy+ on possible sites over Rh/NiV-LDH and

NiV-LDH. (h) UOR free energy dirgram over Rh/NiV-LDH and NiV-LDH.3*

Besides being used as precursors for designing metal-based catalysts, MOFs can be directly used
as electrocatalysts for urea electrolysis owing to their highly porous feature and flexible
composition. For example, the nickel terephthalate nanosheets self-assembled 3D aggregates, with
rich unsaturated coordination nickel sites, take 1.52 V at 10 mA cm™? for urea electrolysis.'? The
performance of single metal-based MOFs can be enhanced by introducing a second metal. With a
hydrothermal method, Zhang et al. developed a Fe-doped Ni-MOF catalyst which is composed of
interconnected vertical nanosheets (Fig. 11a-b).3! Compared with bare Ni-MOF, the introduction
of Fe generates some new electronic states near the Fermi level and thus activates the Ni active
sites (Fig. 11c-e). As evidenced by the adsorption energies of H2O, Nz, and urea molecules, the
Fe-doped Ni-MOF favours the adsorption of H>O and urea molecules and the desorption of N>
(Fig. 11f), contributing to enhanced UOR performance. Also, Fe-doped Ni-MOF shows a
significantly lower charge transfer resistance than Ni-MOF, indicating an efficient charge transport
process (Fig. 11g). For urea electrolysis, Fe-doped Ni-MOF can save 0.3 V at 50 mA cm 2 than
for water electrolysis (Fig. 11h). Besides heteroatom doping, combining MOFs with other active
and conductive components has also been investigated. Benefiting from the multicomponent
synergistic effect, urchin-like CoSx/Co-MOF,*® Ni,P@Ni-MOF,'>” NiCoPx@NiFeCo-MOF,'*® and
Ru-modified NiFe MOF'> possess high-performance for urea electrolysis. In these composites,
the hierarchical MOF framework can host the additional active species and lead to rich active sites

and regulated electronic properties for enhanced performance.
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Fig. 11 (a) Scheme of the synthesis of FeNi-MOF nanosheet arrays (NSs). (b) SEM image of FeNi-MOF NSs. (c)
Tllustration of the UOR process over FeNi-MOF NSs. (d) Optimized (101) surface models of Ni-MOF NSs and FeNi-
MOF NSs. (e) DOS for (101) surfaces of Ni-MOF NSs and FeNi-MOF NSs. (f) Adsorption free energy of N,
CO(NH2)2, and H>O on the (101) surfaces of Ni-MOF NSs and FeNi-MOF NSs. (g) LSV curves of FeNi-MOF NSs

for OER, UOR, and HER. (h) LSV curves of bifunctional FeNi-MOF NSs for urea electrolysis and water electrolysis.’!

A small group of other metal-based catalysts, like carbides, ' 1! fluoride,> '°2 and borides? have
been investigated for urea electrolysis. A main feature of these catalysts is their high conductivity
and activity. The development of these types of catalysts for urea electrolysis is still poorly
explored, and some key points need to be considered. For carbides usually fabricated via high-

temperature processes, it is necessary to introduce a conductive substrate (e.g., graphene, CNTs,
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N-doped carbon) with large SSA to attain rich active sites. The design, synthesis, and application
of metal fluorides should take the negative environmental effect of F element into consideration.
In terms of borides which can be simply prepared by electroless deposition, it is crucial to enhance

their performance via chemical composition optimization and composite construction.

5. Benchmarking bifunctional electrocatalysts for practical applications

In the past few years, great progress has been achieved in bifunctional catalysts for urea electrolysis.
Catalysts with different compositions and nanostructures are showcased in the last section. To
further guide the design of high-performance catalysts, it is important to evaluate the catalytic
performance of current catalysts in an accurate and objective manner. Currently, E1o is the most
widely used indicator of bifunctional catalysts’ activity, with a group of studies applied E2o, Eso,
E100, or Eseo (Table S1, Supporting Information). Another issue related to the performance
evaluation is the property of electrolytes, and electrolytes with diverse urea concentrations lead to
distinct performance for one catalyst.?> 1% 1 M KOH with 0.33 M urea or 0.5 M urea is the most
widely used electrolyte, and several studies also employed 0.1 M, 0.2 M, 0.3 M or 0.4 M urea. In
this context, the E1o values of catalysts measured in 1 M KOH + 0.33 M urea (56 studies, 1 M
KOH + 0.3 M urea is included) or 1 M KOH + 0.5 M urea (70 studies) are compared separately.
As depicted in Fig. 12, E1o values mainly range from 1.3 to 1.6 V, in both electrolyte conditions.
The best value (1.26 V) tested in 1 M KOH + 0.33 M urea is obtained by N-doped FePS3, while
the CoS2/MoS: composite shows the best performance (E1o = 1.29 V) in 1 M KOH + 0.5 M urea.
In the 1 M KOH + 0.33 M urea system, 37.5% of all catalysts show E1o values less than 1.4 V,
which is similar to this percentage (40%) in the 1 M KOH + 0.5 M urea electrolyte. It should be

noted that deviations of electrochemical measurements (e.g., testing temperature, catalyst loading
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amount, LSV scanning rate, and electrode fabrication method) would affect the recorded activity.
Hence, the comparison made here may not be accurate enough, and we suggest potential readers

be fully aware of this.

The urea electrolysis performance of five novel metal-involved catalysts has been tested in 1 M
KOH + 0.33 M urea, including Pt/D-NiCo LDH (1.32 V),'3¢ P modified AuRh (1.33 V),’ Rh/NiV-
LDH (1.336 V),>* NiFeRh-LDH (1.35 V),¥ and Ru-NisN@NC (1.41 V)!38. In these catalysts, the
presence of noble metals can enhance the catalytic performance. Especially, using noble metals as
dopants and SACs can improve their utilization efficiency and limit the fabrication cost of catalysts.
Compared with earth-abundant transition metal-based catalysts, there is no clear advantage in the
performance of noble metal-based catalysts, and thus most studies focus on low-cost transition

metals, especially Ni.
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Fig. 12 A comparison of bifunctional catalysts for urea electrolysis in different electrolytes.

Further identify high-performance catalysts, E1o of ten most promising electrocatalysts in both
electrolyte systems are analyzed (Table 2). It can be seen that most of the listed high-performance
catalysts possess open architectures with large SSA, which can not only promote electrolyte
diffusion/penetration/infiltration but also and facilitate charge transfer and mass (ions, reaction
intermediates, gaseous products) transport. In terms of the chemical composition, transition metal-
based LDHs with typical 2D nanosheet structure attract great interest, and a series of LDH-based
composites exhibit excellent catalytic activities for urea electrolysis. Other transition metal-based

highly conductive heterostructures are highly promising catalysts, such as sulfides, phosphides,
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and nitrides. Several heteroatom doped catalysts also show high activities, indicating the feasibility

of heteroatom doping in regulating the intrinsic activity of catalysts. These results imply that

efficient catalysts for urea electrolysis should meet the multiple requirements of high intrinsic

activity, large active area, and efficient mass/charge transfer.

Table 2. List of representative bifunctional electrocatalysts in their ascending values, in both I M KOH + 0.33 M urea

and 1 M KOH + 0.5 M urea systems.

Catalyst Electrolyte En Key features
N-doped FePS;!!1° I MKOH +0.33 Murea  1.26 2D nanosheet structure, N dopant activates
intrinsic activity
Co304@NC/NiO”7 1 M KOH +0.3 M urea 1.31 MOF-derived hierarchical composite,
synergistic effect between the metal oxide—
NC-metal oxide
Pt/D-NiCo LDH'*® 1 MKOH +0.33 Murea  1.32 Noble metal SAC on defective LDH
nanosheets
P modified AuRh* 1MKOH+0.33 Murea  1.33 Mesoporous noble metal alloy film, surface
chemical modification
Rh/NiV-LDH* 1 MKOH +0.33 Murea  1.336 Noble metal SAC on ultrathin LDH
nanosheets
Ni-Co-B% 1 MKOH +0.33 Murea  1.34 Porous and amorphous metallic structure
NiFeRh-LDH¥ 1 MKOH +0.33 Murea  1.35 Noble metal-doped ultrathin LDH
interconnected nanosheets
FeCoNiF,'? 1 MKOH +0.33 Murea 1.352 Hollow nanoflake arrays, electron-deficient
metal centers
Ni-Mn-Se'"? 1 MKOH +0.33 Murea 1.352  Nano-micro hollow spheres, porous structure
CoO-CosN@NiFe-LDH!4® 1 MKOH +0.33 Murea  1.355 Hierarchical heterostructure,
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1 M KOH +0.5 M urea

1 M KOH +0.5 M urea

1 M KOH +0.5 M urea

1 M KOH +0.5 M urea

1 M KOH +0.5 M urea

1 M KOH +0.5 M urea

1 M KOH +0.5 M urea

1 M KOH +0.5 M urea

1 M KOH +0.5 M urea

1.29

1.3

1.314

1.32

1.341

1.344

1.348

1.348

1.355

Schottky heterojunction, spatially
interconnected nanoplates
Porous and amorphous core—shell
nanoneedles, surface chemical modification
MOF-derived hollow nanosword arrays,
tricomponent sulfide composite
hierarchical arrays, LDH/selenide composite
Schottky heterojunction, nano-microspheres
3D interconnected pore-like structure,
LDH/oxide composite
Gracile nanosheet arrays, LDH/carbon
composite
Hierarchical nanorod arrays, nitride/nitride
composite
3D branched core/shell nanorod
heterostructure, phosphide/phosphate
composite, metal-doping
Hierarchical heterostructure,

phosphide/phosphide composite

To meet the potential industrial application of catalysts for urea electrolysis, it is necessary to

record the activity at high current densities. To date, 30 studies have provided Eigo values of

catalysts and two studies further test Esoo values, as shown in Fig. 13. Ejoo values mainly range

from 1.4 to 1.7 V, and most of the catalysts (oxides, phosphides, sulfides, nitrides, LDH, etc.) are

fabricated from low-cost elements, with two noble metal-doped materials (Ru-modified NiFe

MOF,"> Ru-doped Co,P/N-doped carbon'®®). In addition, the Esopo values of Ni3S;~NiMoOs,
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Nii2Ps/Ni-Pi, and Ru/P dual-doped NiMoOq are 1.61, 1.662 and 1.73 V, respectively. These reports

indicate the promising application of cost-effective catalysts in industrial urea electrolyzers.
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Fig. 13 A comparison of bifunctional catalysts for urea electrolysis at large current densities.

6. Conclusion and perspectives

In this review, recent progresses and achievements in the design of bifunctional catalysts for urea
electrolysis are comprehensively analyzed. Transition metal (mainly Ni, Co, Fe)-based materials
with diverse compositions and nanostructures have exhibited good performance towards both HER
and UOR, showing good potential for future industrial applications. For achieving high-
performance bifunctional catalysts, powerful strategies have been rationally applied, such as

heteroatom doping, composition optimization, heterostructure construction, nanostructure control,
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defect/vacancy introduction, and phase regulation. Notwithstanding astonishing advances in

bifunctional catalysts design, there are some critical issues that require further investigation.

D

2)

3)

Qualitative and quantitative analysis of urea oxidation products. In most cases, researchers
only take CO2, N2, and H>O as urea oxidation products. However, recent studies have shown
that other nitrogen-based components are generated during UOR, such as NO;~ and NO,".°
The formation of such NOx™ would lead to secondary pollutants in water bodies. In this context,
it is highly urgent to obtain qualitative and quantitative results of urea oxidation products,
which can help to uncover the UOR mechanism. Since the urea oxidation pathway is highly
sensitive to the applied electrocatalysts, it is possible to selectively limit the production of
hazardous NOx™ and make the urea electrolysis process more eco-friendly.

Electrolysis mechanism understanding with advanced tools. Many studies mainly focus on the
performance of catalysts, while the urea electrolysis mechanism is still far from fully
understood. Apart from the quantitative analysis of urea oxidation products, it is needed to
figure out the structure-performance relationship of catalysts with advanced techniques, like
ion chromatography, gas chromatography, in situ Raman spectra, in situ XAS spectra, in situ
FTIR spectra. The related in situ tools are highly recommended to capture the reaction
intermediates during the complex UOR process. Another key issue is the self-reconstruction
of catalysts during HER and UOR. The self-reconstruction process leads to the formation of
real active phases and can be determined by in sitfu Raman spectra. When conducting DFT
calculations, it is suggested to take the catalyst self-reconstruction into account for reaction
model construction.

Large-scale fabrication of electrocatalysts/electrodes. For the industrial application of

promising catalysts, it is necessary to develop large-scale catalyst/electrode fabrication
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techniques. Due to the high activity of Ni for both HER and UOR, many studies directly use
nickel foam as the support to construct active materials. Also, some conductive materials also
have been used as the substrate of active materials, e.g., Fe foam, Cu foam, Ti mesh, carbon
papers and carbon cloth. These self-supported electrodes are generally prepared with a small
geometric area, for laboratory use. The large-scale of such self-supported electrodes needs
large synthetic devices (such as hydrothermal autoclave reactors). For binder-based electrodes,
the large-scale production of powder-like active materials can be achieved by using more facile
methods, like high-energy ball milling.

4) Application of catalysts in real urea wastewater electrolysis. Instead of pure alkalized urea
solutions, it is suggested to perform urea-rich wastewater (e.g., urine) electrolysis for hydrogen
fuel production and urea degradation. In real wastewater, there will be diverse inorganic and
organic pollutants which may influence the urea electrolysis efficiency. Several studies have
conducted real urine electrolysis, and the experimental results suggest that catalysts work

37,167-169 while the reason

worse in alkalized urine solution than in pure alkalized urea solution,
remains unclear. As such, future studies are suggested to identify pollutants in real urea-rich
electrolytes and analyze the effect of potential substances on the urea electrolysis. A further

step to lower the energy cost of urea electrolysis can be achieved by integrating solar energy

into the electrolysis system.
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