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Ligand-induced room-temperature synthesis of
NiCoSe nanostructures: a highly efficient
electrocatalyst for hydrazine-assisted hydrogen
production

Athma E. Praveen,? Viplove Mishra,? Aditi Chandrasekar*® and
Venkataramanan Mahalingam (2 *@

Transition metal selenides are considered to be promising electrode materials to catalyze various electro-
catalytic reactions. The synthesis of these metal selenides involves harsh synthetic conditions and multi-
step routes. Herein, a room-temperature ligand-assisted strategy has been developed to synthesize NiSe,
CoSe, and NiCoSe in a pure phase. This study delves into the significant impact of ligands on nanoparticle
synthesis, with a particular focus on their pivotal role in finely adjusting the crystalline phase of the result-
ing nanomaterials. We have focused on identifying the specific ligands that can effectively manipulate
nucleation and growth processes for the synthesis of specific crystal structures of MSe (M = Ni, Co). The
role of functional groups in ligands was probed, and it was found that the carboxylic acid groups play a
key role in facilitating the synthesis of pure-phase NiSe, CoSe, and NiCoSe. Through a detailed examin-
ation of the existing literature and theoretical calculations, we have investigated the mechanism and role
of carboxylate ligands in MSe (M = Ni, Co) formation. Computational investigations suggest that the for-
mation of a metastable metal—carboxylate intermediate complex optimizes the reaction condition, makes
it more favorable for reorientation, and allows selenium to approach the nickel center. Furthermore, the
synthesis of NiCoSe aims to enhance the electrocatalytic performance of NiSe and CoSe, as the bimetallic
(NiCoSe) material exhibits superior electrochemical properties compared to its monometallic counter-
parts. The electrocatalytic activities of the synthesized transition metal selenides were evaluated for
hydrazine-assisted water splitting. Bimetallic NiCoSe displays superior electrocatalytic performance
toward hydrazine oxidation and hydrogen evolution reactions compared to the monometallic phases of
NiSe and CoSe. The bimetallic component requires a potential of 0.20 V vs. RHE and an overpotential of
0.20 V to attain 10 mA cm™ for the HzOR and HER, respectively. Moreover, NiCoSe displays excellent
activity as a bifunctional catalyst, and it requires a very low cell voltage of 0.45 V to attain a current density
of 10 mA cm™2 for H, production. The free energy profile of the stepwise HzOR has been investigated in
detail. The computational results reveal the enhanced feasibility of the HzOR on NiCoSe (1:1) compared
to NiSe. Therefore, briefly, this work offers an innovative synthesis protocol for the ligand-induced room-
temperature synthesis of transition metal selenide nanostructures and their application for hydrazine-
assisted hydrogen production.

ution reaction (HER) with the hydrazine oxidation reaction
(HzOR) is considered to be one of the most effective strategies

Hybrid water splitting is emerging as one of the potential strat- for energy-efficient hydrogen production.’”™® Hydrazine oxi-
egies for energy-efficient hydrogen production.'™® Among dation-assisted hydrogen production systems provide a variety
hybrid water splitting systems, coupling of the hydrogen evol- of advantages over traditional OER-assisted water-splitting

systems, for instance, the reduction in the overall energy
requirement of an electrolyzer, release of nontoxic and stable
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explosion, and the feasibility of making a membrane-free
electrochemical cell system.”*°"**** To explore the application
of hydrazine oxidation-assisted hydrogen production, an
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efficient bifunctional electrocatalyst is required for the HzOR
and HER.”'"? Recently, nanomaterial synthesis has been a
cornerstone of modern materials science and engineering,
with applications spanning catalysis, sensing, energy storage,
and biomedical imaging. The precise manipulation of the crys-
talline phase of nanoparticles is important, as it substantially
affects their physical and chemical properties. Understanding
and controlling the specific crystalline phase of materials
allow researchers to tailor their surface reactivity, catalytic
activity, and durability, ultimately advancing electrocatalytic
performance for specific applications, such as water splitting,
fuel cells, and electrochemical sensing.'* Lately, various tran-
sition metal-based electrocatalysts have been explored for elec-
trocatalysis applications.">**> Among transition metal-based
electrocatalysts, transition metal chalcogenides have been
proven as promising electrode materials for hydrazine oxi-
dation-assisted hydrogen production.>*° Specially, Ni and Co
selenides, such as NiSe, CoSe, NiSe,, and CoSe,, have been
reported to electrocatalyze the HER, OER, and HzOR. However,
these materials have been synthesized via electrodeposition,
hydrothermal or solvothermal treatment, microwave
irradiation, and thermal injection methods, which require
high temperatures and long reaction times.***> This demands
the development of facile and efficient synthesis routes that
are applicable on a large scale.

In recent years, considerable attention has been devoted to
understanding the role of ligands in governing nanoparticle
phase control.*® Ligands play a crucial role in the nucleation
and growth processes owing to their ability to influence
nucleation kinetics by acting as either stabilizers or inhibitors,
and they can exert control over the subsequent growth of nano-
particles by modifying surface interactions. The interactions
between ligands and the nanoparticle surface have a profound
impact on the resulting crystal structure and, consequently,
the physical and chemical properties of the nanocrystals pro-
duced. Ligands can selectively bind to specific facets or crystal-
lographic planes of the growing nanoparticles, thereby modify-
ing the surface energy and surface chemistry. In this manner,
they serve as stabilizing agents, lowering the energy barrier for
nucleation, or as kinetic inhibitors, impeding the formation
of nuclei and subsequently affecting the growth of nano-
particles.®® By carefully selecting appropriate ligands, research-
ers tailor the synthesis conditions to achieve the desired nano-
particle properties such as size, shape, and surface
functionality.>*** For example, Revaprasadu et al. synthesized
various metal chalcogenides and phosphides by tuning
different ligands, surfactants, and synthetic conditions.*® Our
group has reported how the use of thiol-based ligands leads to
the selective synthesis and stabilization of the Ni,P phase,
while thiol-free ligands transform the Ni,P phase into the
Ni;,P; phase of nickel phosphide.’” Similarly, Pramanik et al.
synthesized the NiTe phase using tartaric acid as a ligand.*®
Generally, these syntheses involve multiple steps and harsh
synthetic conditions. In addition, the exact mechanism
explaining why the use of particular ligands leads to the for-
mation of selective phases has not been explored.
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Herein, a ligand-mediated room-temperature synthesis
route is reported for the preparation of NiSe and CoSe in the
pure phase. The synthesis involves carboxylic acid-based
ligands and elemental Se as a selenide source to facilitate the
synthesis of pure-phase NiSe and CoSe. The role of functional
groups in ligands is probed by synthesizing NiSe materials
using ligands with different functional groups. We have found
that the presence of dicarboxylic acid groups in the ligand
plays a key role in the synthesis of nickel and cobalt selenides.
The precise coordination between ligands and the nano-
particle surface is not fully known due to limited access to the
surface structure at the nanoscale. However, our study sheds
light on the importance of ligand-surface interactions in con-
trolling the crystal structure of nanocrystals. Understanding
these interactions is crucial for synthesizing nanocrystals with
the desired properties and gaining insights into crystallization
processes in general. In addition, it is known that bimetallic
materials often show superior electrochemical performance to
monometallic materials due to the synergistic effect of the two
metal sites. Therefore, NiCoSe materials with different Ni: Co
ratios are synthesized to further boost the electrocatalytic
performance. The as-synthesized transition metal selenide
catalysts are evaluated for hydrazine-assisted water splitting.
Bimetallic NiCoSe displays superior electrocatalytic perform-
ance to pure-phase NiSe and CoSe. NiCoSe shows excellent
activity toward hydrazine oxidation and requires a potential of
0.20 V vs. RHE to attain 10 mA cm 2. To achieve a high current
density of 300 mA cm™?, it needs a potential of only 700 mv
without the assistance of electrochemically active substrates
such as Ni foam or Co foam. Moreover, NiCoSe displays excel-
lent activity as a bifunctional catalyst by requiring a very low
cell voltage of 0.45 V to attain a current density of 10 mA cm™>
for H, production.

2. Experimental section
2.1 Synthesis of MSe (M = Ni, Co)

Metal selenides were synthesized using ligands at room temp-
erature. Briefly, 2 mmol MCl, (M = Ni, Co) and tartaric acid
(vide infra) were dissolved in 20 mL of deionized water. A clear
solution of 3 mmol Se and 2 mmol NaBH, was prepared by
stirring for 45 min under mild heating conditions. Subsequently,
the as-prepared metal solution was added to the Se solution.
Immediately, a black precipitate was formed and was kept
under constant magnetic stirring for 15 min. As a final step, the
product was collected by centrifugation, washed twice with water
and once with ethanol, and then kept inside the oven for drying
at 60 °C. NiSe was synthesized using different ligands such as
oxalic acid, succinic acid, citric acid, malic acid, propionic acid,
ethylene diamine, and ethylene glycol (Fig. 1a). The structures of
the ligands are shown in Fig. 2a.

2.2 Synthesis of NiCoSe

Briefly, 0.5 mmol NiCl,, 0.5 mmol CoCl,, and 1 mmol tartaric
acid were dissolved in 20 mL of deionized water. A clear solu-

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 (a) Synthesis scheme of MSe (M = Ni, Co) synthesized with ligands. (
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b) PXRD patterns of NiCoSe synthesized with different Ni: Co ratios.
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Fig. 2 (a) Structures of the ligands used. (b) PXRD patterns of the synthesized materials with different carboxylic acid-containing ligands confirmed

the formation of the crystalline NiSe phase.

tion of 2 mmol Se and 2 mmol NaBH, was prepared by stirring
for 45 min under mild heating conditions. Thereafter, the as-
prepared metal solution and Se solution were added under
constant magnetic stirring for 15 min to get a black precipi-
tate. Finally, the product was collected by centrifugation,
washed twice with water and once with ethanol, and then kept
inside the oven for drying at 60 °C. NiCoSe with 1:2 and 2:1
Ni:Co precursor ratios was also synthesized using a similar
protocol. For ease of understanding, NiCoSe with Ni:Co =
1:1, 1:2, and 2:1 is represented as NiCoSe (1:1), NiCoSe
(1:2), and NiCoSe (2 : 1), respectively.

This journal is © The Royal Society of Chemistry 2025

3. Results and discussion

3.1. Phase analysis

To determine the phase of the as-synthesized materials,
powder X-ray diffraction (PXRD) analysis was performed
(Fig. 1b). The PXRD results confirm that the material syn-
thesized in the presence of tartaric acid as a ligand resulted in
the formation of pure phases of NiSe and CoSe. In contrast,
the PXRD pattern of the material synthesized in the absence of
any ligand under similar reaction conditions shows an amor-
phous nature. This suggests that the ligand tartaric acid plays
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a role in tuning the phase of the as-synthesized materials. The
PXRD patterns of the materials synthesized with different
Ni : Co ratios, such as NiCoSe (1: 1), NiCoSe (1 : 2), and NiCoSe
(2:1), are found to match well with the standard patterns of
CoSe and NiSe phases. However, there is no evidence of peak
splitting or additional reflections that would suggest the coex-
istence of distinct NiSe and CoSe phases. Instead, the diffrac-
tion pattern displays consistently shifted peak positions rela-
tive to the parent phases, indicating the formation of a homo-
geneous solid solution. This shift is attributed to the substi-
tution of Co®>" ions into the NiSe lattice, which introduces
lattice strain and alters the unit cell parameters. Such behavior
is consistent with previous reports, including the study by
Jiang et al.,*® where the incorporation of Ni into Co-based sele-
nides resulted in noticeable peak shifts, confirming solid solu-
tion formation rather than phase separation.

3.2. Growth mechanism

To understand the role of functional groups in the ligand,
nickel selenide was synthesized using different dicarboxylic
acid-containing ligands such as oxalic acid, succinic acid,
citric acid, and malic acid. Interestingly, the PXRD patterns
shown in Fig. 2b of the as-synthesized materials indicate that
the materials synthesized with carboxylic acid-containing
ligands possess the crystalline NiSe phase. To further confirm
the role of dicarboxylic acid-containing ligands, we synthesized
the materials with ligands containing monocarboxylic acid
(propionic) and other bidentate (ethylene diamine and ethyl-
ene glycol) functional groups. The resulting PXRD patterns
shown in Fig. S1 depict that the as-synthesized material did
not show NiSe phase formation; instead, peaks corresponding
to the selenium impurity are observed. These results confirm
that ligands possessing dicarboxylic groups play an important
role in the formation of the crystalline NiSe phase. It is likely
that the utilization of carboxylic ligands influences the nuclea-
tion and growth of crystals via steric hindrance or electrostatic
interactions. Ligands with specific chemical functionalities,
such as chelating groups or coordination sites, can act as cata-
lysts, lowering the energy barrier for crystallization and facili-
tating the transformation process. Moreover, these ligands
play a pivotal role in impeding the reamorphization of
materials by stabilizing the crystalline phase. Generally, higher
temperatures can help overcome the energy barrier for crystal-
lization by providing the necessary energy to break existing
bonds and allow the formation of new, more ordered bonds
associated with a crystalline structure. To validate this
phenomenon, the precursor was subjected to heating at 70 °C
without a ligand and with ethylene diamine. The PXRD
pattern shows that the material without a ligand and with
ethylene diamine synthesized at 70 °C has a crystalline NiSe
phase (Fig. S2). Heating generally increases the mobility of
molecules and promotes crystallization by providing the
necessary energy to overcome kinetic barriers. Similarly, the
ligands act as catalysts in these reactions, effectively lowering
the energy barrier for crystallization and aiding in the trans-
formation process. These results contribute to the understand-
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ing of the factors influencing crystallization processes and
provide valuable insights for the rational design and synthesis
of functional materials with tailored properties.

3.3. Computational studies for growth mechanism

Computations were carried out to shed light on these experi-
mental results. Experiments show that the nickel selenide
crystal structure emerges only from certain Ni(u) complexes and
not others. In particular, the oxalate and tartrate complexes of
nickel provide conducive pathways toward the formation of
nickel selenide crystals. By contrast, the ethylene diamine
complex of Ni(n) yields an amorphous product when reacted
with the selenide precursor. The computations aimed to explain
why certain complexes of Ni(u) followed a desired pathway to
form nickel selenide crystals while other complexes did not. As
a case study, three complexes of Ni(u) were chosen for compu-
tational investigations, namely, nickel-tartrate [Ni(TAR)(H,O),],
nickel-oxalate [Ni(OXAL)(H,0),] and nickel-ethylene diamine
[Ni(EN);]*". The complexes’ geometries were optimized, and the
optimized structures of the three complexes were obtained and
are shown in Fig. S3 for [Ni(EN),]**, Fig. S4 for [Ni(TAR)(H,0),]
and Fig. S5 for [Ni(OXAL)(H,0),]. Owing to the negative charge
on each carboxylate group, the two carboxylate complexes are
charge-neutral. The nickel-ethylene diamine complex is cat-
ionic, carrying a 2+ charge because EN is a neutral ligand.
Further, it can be observed that in the [Ni(TAR)(H,0),] and [Ni
(OXAL)(H,0),] complexes, there exist hydrogen bonding inter-
actions between the oxygen atoms of the carboxylate ligands
and the hydrogen atoms of the water molecules in the complex.
There are two such interactions in the [Ni(TAR)(H,0),] complex
(Fig. S4) and three hydrogen bonding interactions in the [Ni
(OXAL)(H,0),] complex (Fig. S5). The interaction distances are
indicated in the insets of the respective figures. These hydrogen
bonding interactions serve to stabilise the nickel carboxylate
complexes in the optimized configuration.

Table S1 shows the binding free energy of formation for the
[Ni(TAR)(H,0),], [Ni(OXAL)(H,0),], and [Ni(EN),]*" complexes
from their aqueous complexes in the solution. The experi-
mental conditions were considered, and an aqueous medium
was simulated in the initial nickel species and in the medium
of the reaction. The equations employed for the calculation of
the binding free energy for the three complexes are as follows:

AE¢[Ni(TAR)(H,0),] =E[Ni(TAR)(H,0),] + 2E[H,O]

BN 2+ o (@)
— E[Ni(H,0)]”" — E[TAR]

AE¢[Ni(OXAL)(H,0),] =E[Ni(OXAL)(H,0),] + 2E[H, 0] )

— E[Ni(H,0),)*" — E[OXAL]*~ @)

AE;[Ni(EN),]** =E[Ni(EN),]*" + 6E[H,O] 3)

— E[Ni(H,0),)*" — 3E[EN]

A negative value of the calculated binding energy indicates
that the formation of the complex is favorable, and a positive
value indicates the opposite. As shown in Table S1, all three com-
plexes have a favorable energy of formation from the aqueous

This journal is © The Royal Society of Chemistry 2025
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medium. The [Ni(EN);]** complex has the most negative binding
energy of approximately —100 kecal mol™, whereas the carboxy-
late complexes have about a fourth of that energy. This means
that the [Ni(EN);]** complex is highly stable. The reason for this
may be that the entropy change associated with the formation
(eqn (3)) is significantly different. Six water molecules are
released in the formation of the [Ni(EN);]** complex as com-
pared to the two water molecules released in the case of the car-
boxylate complexes. The positive change in entropy associated
with the formation of the former renders it more stable.

During experiments, it was observed that the [Ni(EN);]**
complex is not a good precursor for the formation of the
nickel selenide crystal structure at room temperature. On the
contrary, the two carboxylate complexes are suitable precur-
sors, enabling the formation of nickel selenide crystals at
room temperature. The reason for this is likely to be that the
high stability of the [Ni(EN);]** complex, compared with the
carboxylate complexes, makes it less favorable to break and
allows selenium to approach the nickel center. Interestingly, at
elevated temperatures, the [Ni(EN);]** complex has been
observed to facilitate nickel selenide crystal formation. If the
reaction switches to spontaneous at higher temperatures, this
indicates that the reaction relies significantly on entropic
factors. In the expression for free energy (AG = AH — TAS), the
free energy AG becomes more negative at higher temperatures
when the change in entropy AS is positive. The change in
entropy is greater when the carboxylate complexes are turned
into nickel selenide crystals. Four water molecules and one tar-
trate/oxalate ligand are displaced in these cases. By contrast, if
the [Ni(EN);]*" complex breaks, three EN ligands are freed
from the complex. Hence, the change in entropy is less in the
case of the [Ni(EN);]*" complex than in the cases of the two
carboxylate complexes. Consequently, only when the tempera-
ture is increased, the breaking of the [Ni(EN);]** complex tips
the free energy balance from positive to negative, thus render-
ing this reaction spontaneous at higher temperatures.

Computational studies reveal that the [Ni(EN);]** complex
exhibits significantly higher stability than the carboxylate-
based complexes. This enhanced thermodynamic stability
reduces the likelihood of ligand dissociation, thereby limiting
the accessibility of the nickel center to incoming selenium
species. As a result, the formation of nickel selenide crystals
from this complex is unfavorable under ambient conditions.
In contrast, the nickel-tartrate and nickel-oxalate complexes
possess moderate binding energies and are further stabilized
by hydrogen bonding interactions between coordinated water
molecules and carboxylate oxygen atoms. These interactions
promote a more flexible coordination environment, facilitating
the approach and incorporation of selenium into the nickel
coordination sphere. Consequently, these carboxylate com-
plexes act as effective precursors for nickel selenide crystal for-
mation at room temperature. In the absence of dicarboxylic
acid ligands, the lack of such stabilizing interactions and poor
precursor integrity often result in incomplete reaction path-
ways, leading to the presence of unreacted elemental selenium
in the final product, as confirmed by XRD analysis.

This journal is © The Royal Society of Chemistry 2025
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3.4. Thermogravimetric analysis

To support our theoretical hypothesis, we synthesised the reac-
tion intermediate complexes nickel-tartrate [Ni(TAR)(H,0),],
nickel-oxalate [Ni(OXAL)(H,0),], and nickel-ethylene diamine
[Ni(EN);]*" and performed thermogravimetric analysis (TGA)
(synthesis details are available in the SI). As shown in Fig. S6a
and b, the TGA curves of the Ni-OXAL and Ni-TAR complexes
display a clear weight loss between 120 °C and 300 °C, which
corresponds to the release of coordinated water molecules.
Interestingly, the Ni-EN complex does not show any noticeable
change in this range, indicating the absence of such water
loss. This implies that the Ni-EN complex is inherently more
stable, and because of this stability, its ligands are less likely
to detach. As a result, the nickel center is less accessible to
incoming selenium species, making the formation of nickel
selenide crystals from this complex unlikely under normal con-
ditions. These findings are in strong agreement with the pre-
dictions of our theoretical calculations.

3.5. FTIR analysis

To understand the nature of the interaction between ligand
molecules and the as-synthesized nickel selenides, we com-
pared the FT-IR spectra of nickel selenides with the corres-
ponding spectra of pure oxalic acid and tartaric acid. The FTIR
spectrum of oxalic and tartaric acid-capped NiSe shows the
characteristic peaks of the functional groups of the ligands.
This confirms the attachment of ligands, possibly at the
surface of nickel selenide. For oxalic acid-capped NiSe, the
peak corresponding to the -C=0 stretching frequency of the
carboxylic group is observed at 1637 cm™", whereas for the
pure ligand, the corresponding peak is observed at 1679 cm™*
(shown in Fig. S7a).***° For tartaric acid-capped NiSe, the
peak belonging to the -C=0 stretching frequency is observed
at 1724 cm™" and that of the ligand is observed at 1740 cm™*
(shown in Fig. S7b).*"** In oxalic and tartaric acid-capped
NiSe, the -C=0 peak of the carboxylic acid shifts to relatively
lower wavelengths. These spectroscopic changes suggest that
oxalic and tartaric acids are attached to the nickel selenide
surface through the carboxyl functional moiety.

3.6. Morphological analysis

The morphology of the as-prepared samples was analyzed by
scanning electron microscopy (SEM) and transmission elec-
tron microscopy (TEM). The SEM images show that NiSe and
CoSe particles have an irregular sphere-like morphology
(shown in Fig. S8a-d). For both NiSe and CoSe, smaller par-
ticles with a size of ~40 nm are aggregated to form the spheri-
cal particles. Similar observations are found from the corres-
ponding TEM images (shown in Fig. S8e and f). The calculated
d spacing value measured from the HRTEM image of nickel
selenide is 0.27 nm, corresponding to the (101) plane of NiSe.
Similarly, for CoSe particles, the d spacing value is estimated
to be 0.26 nm, which corresponds to the (101) plane of CoSe
(shown in Fig. S8g and h). The SEM and TEM images shown in
Fig. S9a, b and d-f depict that the as-synthesized NiCoSe
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materials have a similar spherical morphology to CoSe and
NiSe particles. NiCoSe materials are composed of spherical
particles with a size of 45 nm. Hardly any change in the mor-
phology is noted for NiCoSe prepared with different Ni-to-Co
ratios. The calculated d spacing value measured from the
HRTEM image of NiCoSe (1:1) (Fig. S9¢) is 0.27 nm, corres-
ponding to the (101) plane. To understand the spatial distri-
bution of elements, the elemental mapping (shown in
Fig. S9g-j) of the as-synthesized materials was performed.
Elemental mapping images show the uniform distribution of
elements (Ni, Co, and Se) in nickel cobalt selenide. To deter-
mine the elemental compositions, the EDAX analysis of the as-
synthesized materials was carried out. The observed experi-
mental ratios obtained from the atomic ratios of cobalt, nickel,
and selenium for different samples are similar to the theore-
tical ratios (Table S2).

3.7. XPS analysis

The chemical states of different elements in the materials were
further investigated by XPS analysis. The survey spectrum
depicted in Fig. S10a confirms the existence of Co, Ni, Se, and
O in the NiCoSe (1:1) material. As shown in Fig. S10b, the
peaks observed at 855.6 eV (Ni 2pz,) and 873.1 eV (Ni 2p4,)
can be attributed to Ni**, while the peaks present at 858.4 eV
(Ni 2ps,,) and 876 eV (Ni 2py,) are attributed to Ni**.**** The
peaks at 778 eV (Co 2p;/,) and 793.6 eV (Co 2p,,,) in the Co 2p
spectrum (shown in Fig. S10c) are attributed to Co®". The
peaks at 781 eV (Co 2p;/,) and 803 eV (Co 2p,,,) are character-
istics of the Co>* species.>®*> The broad peak at 59 eV in the
Se 3d spectrum (shown in Fig. S10d) is associated with the oxi-
dized selenium species (SeOy) as a result of surface oxidation.
The two peaks at 54.3 eV and 55.3 eV belong to Se 3ds,, and Se
3dy,,, respectively.*®*” All these results confirm the coexistence
of Ni and Co in the as-synthesized NiCoSe (1 : 1) material.

4. Electrochemical activity evaluation

4.1. Hydrazine oxidation reaction

The electrocatalytic HzOR activity of the as-synthesized
materials was evaluated in 1 M KOH. Fig. 3 shows the LSV
curves of NiSe in a hydrazine-free electrolyte with different
concentrations of hydrazine (0.1, 0.2, 0.3, 0.4, and 0.5 M). In
the electrolyte without hydrazine (0 mM), the LSV curve in the
potential range of interest (0.1 to 1 V vs. RHE) does not show
any observable redox current. However, in a 0.1 M hydrazine
solution, the anodic current increases to ~0.15 V versus RHE
(shown in Fig. 3a) and continues to increase with increasing
concentrations of hydrazine. This confirms hydrazine as the
substrate in the observed results. Further, the electrochemical
performance of NiSe, CoSe, and NiCoSe catalysts was investi-
gated. The LSV curve shown in Fig. 3b indicates that NiCoSe
(1:1) requires a potential of 0.20 V vs. RHE to reach a 10 mA
em™> current density. The corresponding potential values for
CoSe and NiSe are 0.30 and 0.40 V vs. RHE, respectively. These
results show that the bimetallic NiCoSe phase shows superior
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activity to individual NiSe and CoSe phases. Among the as-syn-
thesized NiCoSe materials, NiCoSe (1:1) requires the lowest
potential to attain 10 mA cm > compared to NiCoSe (1:2)
(0.30 V vs. RHE) and NiCoSe (2:1) (0.38 V vs. RHE).
Furthermore, a high current density of 300 mA cm™? is
attained at a potential of 700 mV without the use of any elec-
trochemically active substrate, like Ni foam. Further electro-
chemical measurements were carried out using the NiCoSe
(1:1) catalyst because it shows the best activity. The higher
activity of NiCoSe is supported by a low Tafel slope of 65 mV
dec™ compared to CoSe (113 mV dec™!) and NiSe (184 mV
dec™) (shown in Fig. 3c). The observed lower Tafel slope for
NiCoSe (1:1) suggests the faster kinetics of the electro-
chemical reactions on the NiCoSe catalyst.

Electrochemical impedance spectroscopic (EIS) analysis
was performed at 0.3 V vs. RHE in 0.5 M hydrazine to under-
stand the possible origin of the higher activity of the NiCoSe
electrocatalyst. The observed charge transfer resistance (Rcr) of
NiCoSe (~11.5 Q) is lower than that of CoSe (~50.5 Q) and
NiSe (~71.5 Q) (Fig. 3d). The ECSA measurement was per-
formed to get a better insight into the developed catalyst.*®*°
It is generally believed that the electrocatalytic activity of
materials increases with an increase in their ECSA. However,
due to the limitations of all the existing methods, the accurate
determination of the ECSA is extremely challenging. Therefore,
a qualitative comparison of the ECSA of the as-synthesized
materials was obtained from the double-layer capacitance (Cq;)
of materials measured in the non-faradaic region. The calcu-
lated Cyq; value of NiSe (11.8 mF cm™?) is higher than those of
CoSe (6.8 mF ¢cm %) and NiCoSe (2.0 mF cm™>) (shown in
Fig. S11a-d). To find the intrinsic activity, the LSV curves were
normalized by the ECSA (shown in Fig. S11e). Despite having
the lowest ECSA, NiCoSe exhibits the highest current density
when normalized by the ECSA, indicating superior intrinsic
catalytic activity towards hydrazine oxidation compared to
both NiSe and CoSe. This enhanced performance is attributed
to the synergistic effect between Ni and Co in the bimetallic
structure, which improves the electronic environment and
reaction kinetics.>® Thus, we believe that the enhanced activity
of NiCoSe is very likely due to the presence of more potent
catalytic centers that can catalyze reactions with higher
efficiency. Further, the durability of NiCoSe for the HzOR was
analyzed using chronopotentiometry measurements. As shown
in Fig. S12a, NiCoSe shows excellent stability of 32 h at a
current density of 10 mA cm ™. The HzOR performance shows
a significant rise in the potential requirement in 16 h. As pre-
viously noted in the literature, the rise in potential require-
ments may result from either the electrocatalyst deterioration
or the consumption of hydrazine during the HzOR.'>*! After
16 hours, the electrolytic solution was swapped for a fresh one
to confirm the reason for the increment in the potential
requirement. The electrochemical performance of NiCoSe for
the HzOR is restored and displays a similar trend for another
16 hours. To further validate the stability of the hydrazine oxi-
dation reaction (HzOR), the linear sweep voltammetry (LSV)
curves were recorded before and after the chronopotentiometry

This journal is © The Royal Society of Chemistry 2025
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estimated for the as-synthesized metal selenides. (d) The EIS curves measured at 0.30 V vs. RHE.

test in a fresh electrolyte containing 0.5 M Hz + 1 M KOH. The
negligible change in the LSV profile confirms the excellent
electrochemical stability of the NiCoSe catalyst during pro-
longed HzOR operation (shown in Fig. S12b). It confirms that
the consumption of hydrazine leads to a decrease in activity;
however, the electrocatalyst is stable

4.2 Hydrogen evolution reaction

The HER performance of the as-synthesized metal selenides
was measured in a three-electrode cell configuration using 1 M
KOH as the electrolyte. We used the backward polarization
curves to evaluate the electrocatalytic performance, as they are
devoid of any contribution from the capacitance and metal
redox processes in the potential range of interest (Fig. 4a). The
geometric catalytic HER activity of NiCoSe is found to be
higher than that of CoSe and NiSe in 1 M KOH. To attain a
current density of 10 mA cm™2, an overpotential of 200 mV is
required for NiCoSe, while CoSe and NiSe require 230 mV and
260 mV, respectively. The Tafel slope was estimated to get an

This journal is © The Royal Society of Chemistry 2025

insight into the kinetics of HER activity (Fig. 4b). The NiCoSe
catalyst is found to have a lower Tafel slope value of 112 mV
dec™ than CoSe (147 mV dec™') and NiSe (140 mV dec™).
These Tafel slope values are significantly different from the
widely noted values (derived from the Butler-Volmer equation
at @ = 0). This is possible only if the Heyrovsky step is the rate-
determining step in the HER.>

To further support the higher activity of NiCoSe compared
with that of NiSe and CoSe, electrochemical impedance spec-
troscopy was performed at —0.20 V vs. RHE. The observed
charge transfer resistance (Rcr) value is lower for NiCoSe
(~9.1 Q) than for NiSe (~11 Q) and CoSe (~16.5 Q) catalysts
(see Fig. 4c). These results show that the superior activity of
NiCoSe is due to faster kinetics, as reflected by the low Rcr
and Tafel slope. Additionally, the intrinsic activity of the syn-
thesized catalyst toward the HER was calculated by ECSA-nor-
malized LSV. Fig. S11f shows the electrochemically active
surface area (ECSA)-normalized polarization curves for the
hydrogen evolution reaction. NiCoSe exhibits the highest

Nanoscale, 2025,17, 25821-25832 | 25827
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current density when normalized by the ECSA, indicating
superior intrinsic catalytic activity compared to both NiSe and
CoSe. Further, the durability of the best-performing HER elec-
trocatalyst (NiCoSe) was evaluated by performing a 24 h chron-
opotentiometric analysis at 10 mA cm %y, in 1 M KOH
(Fig. 4d). The HER performance of NiCoSe (1:1) under con-
tinuous usage displays a negligible decrease even after 24 h,
demonstrating the prominent durability.

Further, we have compared the catalytic performance of the
NiCoSe catalyst with commercial Pt/C for the HzOR and HER.
The polarization curves of commercial Pt/C in both the hydra-
zine oxidation reaction (HzOR) and hydrogen evolution reac-
tion (HER) are shown in Fig. S13a and c. The NiCoSe catalyst
exhibits a higher overpotential than Pt/C. Also, Pt/C exhibits a
lower Tafel slope of 43 mV dec™" in the HER compared to the
122 mV dec™ measured for NiCoSe, suggesting faster HER kine-
tics in the case of Pt/C (shown in Fig. S13b). However, in the
case of the HzOR, NiCoSe demonstrates a Tafel slope of 65 mV
dec™, which is reasonably close to the 48 mV dec™" observed
for Pt/C (shown in Fig. S13d). This suggests that NiCoSe pos-
sesses competitive intrinsic activity for the HzOR. Also, NiCoSe

25828 | Nanoscale, 2025, 17, 25821-25832

is composed of earth-abundant and low-cost materials, offering
a more economically viable alternative for scalable applications.
NiCoSe can be a promising alternative for scalable energy
systems due to its high durability and affordability.
Furthermore, we have checked the OER performance of the
NiCoSe catalyst. The LSV curve shows that the anodic potential
for water oxidation is 1.62 V vs. RHE at 10 mA cm ™ >. An excess
potential of 1.42 V is required for water oxidation in the con-
ventional water electrolysis system (Fig. 5a). However, the
HzOR can deliver a much higher current density than the OER
at a low work potential, which depicts the significantly
enhanced energy efficiency by replacing the OER with the
HzOR. The above results depict that the NiCoSe catalyst is an
efficient catalyst for the HZOR and HER. Thus, we checked the
bifunctional activity of NiCoSe toward hydrazine-assisted water
splitting (OHzWS) and compared its activity with the tra-
ditional overall water splitting system (OWS). For the electro-
chemical measurements, we used a NiCoSe electrode as the
cathode and anode in a two-electrode setup for the overall
water splitting. To attain a current density of 10 mA em ™2,
the NiCoSe||NiCoSe couple requires a cell potential of 0.45 V

This journal is © The Royal Society of Chemistry 2025
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The inset shows the schematic setup of the two-electrode system.

in an electrolyte containing 0.5 M hydrazine and 1 M KOH and
outperforms OWS (an electrolyte containing 1 M KOH), which
requires 1.81 V (shown in Fig. S14). To understand the dura-
bility of the NiCoSe catalyst, a chronopotentiometry test was
employed for 48 h at 10 mA cm™2. The bifunctional activity of
NiCoSe under continuous usage shows a negligible decrease
even after 48 h, demonstrating good durability in the two-elec-
trode system (shown in Fig. 5b). To determine the rate of
hydrogen production, the chronoamperometry (CA) measure-
ment was performed at 0.85 V using the NiCoSe||NiCoSe
couple, and hydrogen was detected at different reaction times
with the help of an online gas chromatography setup. The
hydrogen production rate is initially measured as 27 mL h™*
(2 min), which decreases to 22.1 mL h™" (32 min) and 18.6 mL
h™ (56 min) with an increase in the reaction time, which is
due to the consumption of hydrazine during the reaction, a
common phenomenon observed in the case of hydrazine oxi-
dation-assisted hydrogen production (Table S4 and Fig. S15).
The above results show that the NiCoSe system, under alkaline
conditions, is a promising electrocatalyst to promote hydra-
zine-assisted hydrogen production. Additionally, NiCoSe shows
better electrochemical performance and stability than most of
the reported chalcogenide-based bifunctional catalysts for
OHzWS (Table S5).

5. Computational findings on the
HzOR mechanism

The hydrazine oxidation reaction (HzOR) experimentally
carried out on NiSe and NiCoSe (1:1) has been simulated
using density functional theory calculations. In NiCoSe (1:1),
half the Ni atoms are replaced by Co in the lattice. The simu-
lations elaborate on the experimental findings pertaining to

This journal is © The Royal Society of Chemistry 2025

the electrochemical properties of the material surfaces. Based
on the XRD results, the [1 0 1] planes of NiSe and NiCoSe
(1:1) have been considered as the catalytic plane.

The experiments have demonstrated the feasibility of the
HzOR on the NiSe and NiCoSe (1:1) surfaces. Calculations
were performed to investigate the free energy associated with
the stepwise mechanism of the HzOR on both surfaces. The
two energy profiles are overlaid in Fig. 6 for effective compari-
son. The [1 0 1] planes of NiSe (blue) and NiCoSe (1: 1) (pink)
have been considered for the binding of hydrazine and its oxi-
dized successors. Fig. 6 shows the reaction pathways and
corresponding energy changes for the HzZOR on the two sur-
faces. The free energy profiles of the HzOR on the NiSe (blue)
and NiCoSe (1:1) (pink) surfaces as a function of the reaction
coordinate are shown. The profile labels are shown in the
inset. Optimized geometries focused on the active site of
binding are provided along the reaction pathway for both sur-
faces. The experiments have been performed under high-pH
conditions. The following equations have been employed for
the free energy calculations in alkaline media:

N,H; + * — *N,H, (1)

*N,H, + OH™ — *N,H; + HyO + e~ (2)
*N,H; + OH™ — *N,H, + H,0 + e~ (3)
*N,H, + OH™ — *N,H; + H,0 + e~ (4)
*N,H; + OH™ — *N, + H,0 + e~ (5)
*N, — Ny T* (6)

where * represents an adsorbed species.

The materials are similar to each other in terms of their
structures and unit cell geometries. The differences between
the two are that in NiCoSe (1:1) (pink), half of the Ni atoms

Nanoscale, 2025, 17, 25821-25832 | 25829
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are replaced by Co. It is evident from Fig. 6 that a step with a
rise in free energy is a rise for both, and a step with a drop is
so for both. As observed in the experiments, both are viable
and good materials for the HzOR. This matches the result
obtained in the calculations, showing a net negative free
energy change for both materials. In nearly all the steps of the
mechanism, the potential for NiCoSe (1:1) is lower than that
for NiSe. Additionally, the adsorption of N,H, onto the cata-
lytic surface is more favorable in the case of NiCoSe (1:1). In
turn, the desorption of N, in the last step requires more
energy in the case of NiCoSe (1:1). These are reflected in the
changes in the free energy between the adsorbed and desorbed
species in both cases. The step of *N,H, becoming *N,H;, is of
particular interest. At this transition, in the case of NiSe, the
rise in the energy is high, whereas for NiCoSe (1:1), the AG
difference is lower. These three factors combined render the
overall HZOR mechanism to be more favorable on the NiCoSe
(1:1) surface as compared to the NiSe surface. These results
corroborate the experimental findings.

6. Post-catalysis studies

It is known that an electrocatalyst may undergo structural
changes after being subjected to long electrocatalytic cycles.

25830 | Nanoscale, 2025, 17, 25821-25832

To understand the occurrence of any such transformation
during electrocatalysis, the NiCoSe (1:1) electrodes were sub-
jected to post-catalytic analyses after 10 h of chronopotentio-
metry. The post-catalytic PXRD pattern of NiCoSe (1:1) illus-
trated in Fig. S16a confirms the retention of the phase after
the durability test. The XPS spectra of the Ni 2p, Co 2p, and Se
3d regions of NiCoSe (1:1) do not show any shift in the
binding energy compared to the pre-catalytic sample
(Fig. S16b-d). All these results confirm that NiCoSe is a robust
and efficient catalyst for hydrazine oxidation.

7. Conclusions

In conclusion, a facile one-step ligand-assisted room-tempera-
ture route was developed to synthesize pure-phase NiSe, CoSe,
and NiCoSe materials. This was achieved by reacting metal
salts with elemental Se in the presence of dicarboxylic acid
molecules like tartaric acid. The role of functional groups in
ligands was probed, and it was found that carboxylic acid
groups played a key role in the synthesis of nickel and cobalt
selenides. The computations optimized the stable geometries
and geometric parameters of the nickel complexes with tarta-
ric, oxalate, and ethylene diamine ligands. Binding energy cal-
culations under experimental conditions revealed the higher

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5nr02653a

Open Access Article. Published on 09 October 2025. Downloaded on 2/11/2026 5:25:56 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale

likelihood of the carboxylate complexes forming crystalline
NiSe compared to the [Ni(EN);]** complex at room tempera-
ture. The importance of entropic effects was discussed, and
the formation of NiSe from the [Ni(EN);]** complex was pre-
dicted at high temperatures. This prediction was validated by
experimental findings. Among the synthesized metal sele-
nides, bimetallic NiCoSe exhibited excellent activity toward
hydrazine oxidation (0.20 V vs. RHE). To drive a high current
density of 300 mA cm™>, the developed NiCoSe required a
potential of 700 mV without the assistance of electrochemi-
cally active substrates such as Ni foam or Co foam. Moreover,
NiCoSe showed excellent bifunctional activity, and it required
a very low cell voltage of 0.45 V to attain a current density of
10 mA cm 2. The computational results revealed a similar
profile for both materials and the enhanced feasibility of the
HzOR on the NiCoSe (1:1) compared to NiSe. The thermo-
dynamic advantages lie in the stronger adsorption of species
on the NiCoSe (1:1) surface, the lowered energy for each step,
and the less drastic energy changes between one step and the
next in the case of NiCoSe (1:1).
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