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l nickel cyano-bridged
coordination polymer thermally derived potent
electrocatalysts for alkaline hydrogen evolution
reaction†

Manar M. Abdel Naby, ab Mohamed B. Zakaria, *cd Haitham M. El-Bery, e

Gehad G. Mohamedaf and Mohamed E. El-Khouly *a

Because of its sustainability and cleanliness, hydrogen has recently been a research focus as a potential fuel.

One promising way to produce hydrogen is water electrolysis in an alkaline solution. However, this process

requires much energy to split the H–OH bond and transfer multiple electrons/protons. To overcome this

challenge, catalytic electrodes have been developed to reduce the energy needed and maintain

sustainable water electrolysis. This study explores the potential of utilizing a two-dimensional nickel-

based cyanide coordination polymer (2D Ni-CP) precursor to synthesize effective Ni-based inorganic

nanostructured electrodes. Various types of electrodes, including Ni-O, Ni-S, Ni-Se, and Ni-P, are

synthesized through direct thermal treatment of the coordination polymer. The performance of the as-

prepared materials in the hydrogen evolution process (HER) in an alkaline medium is examined. Ni-P

demonstrates the most promising HER performance with an overpotential of 266 mV at 10 mA cm−2

and a Tafel slope of 186 mV dec−1. These results are compared to those of the benchmark expensive

and scarce Pt/C-40% catalyst (38 mV and 48 mV dec−1) examined under identical conditions.

Additionally, Ni-P shows outstanding HER durability over four days, as reflected by chronopotentiometry

measurements.
1. Introduction

Developing novel renewable energy resources that reduce global
warming and compensate for the depletion of energy sources is
of great interest nowadays.1–4 Numerous energy conversion
devices, including solar cells, electrolyzers, and fuel cells, are
research subjects because they are environmentally friendly
technologies with readily available inputs.5,6 Although there is
a large body of research onmany types of solar cells, the highest
efficiency for terrestrial conditions up to 2022 is 39.5%.7 The
quantity of sun hours, related to weather and geological loca-
tion, is another factor that determines how much electricity
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a solar system can generate.8 On the other hand, employing
water electrolyzers has emerged recently as a competitive way to
using solar cells for green hydrogen production with zero
carbon emissions. Hydrogen-feeding fuel cells produce clean
electricity eligible for houses, factories, and electric vehicles.

So far, water has been proposed as a hydrogen source
through the overall electrochemical water splitting. The oxygen
evolution reaction (OER) and the hydrogen evolution reaction
(HER) are the two half-cell reactions. The HER is a lethargic
reaction, particularly in alkaline media, because they mainly
contain OH− groups and water molecules, so the creation of
active H* is difficult. The step of H* formation through the H2O
dissociation stage is known as the Volmer step, which requires
the breakage of the HO–H covalent bond. Finally, another H* is
created to form an H2 molecule. The HO–H bond breakage step
demands high energy (e.g., overpotential), which requires
powerful industrially applicable catalysts.9–11

The scarce (Pt)-based nanostructured materials are the
strongest benchmark HER catalysts, but their limited avail-
ability and high cost prevent widespread use. Consequently, the
current research efforts strive to develop efficient HER electro-
catalysts based on earth-abundant elements.12,13 Transition
metal-based oxides, suldes, selenides, phosphides, nitrides,
and carbides have attracted research attention due to their high
J. Mater. Chem. A, 2023, 11, 24261–24271 | 24261
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catalytic activity for electrochemical water splitting in
general.14–23 Nickel oxides (NiO), chalcogenides (NixSy and Nix-
Sey), and phosphides (NixPy) are particularly noteworthy among
these compounds due to their exceptional inherent redox
characteristics, durability, and resistance to the reduction
process, as well as their abundance in the earth's crust. As
a result, they have recently gained signicant attention from
researchers.1,9,24–33

Along with composition regulation, the nal shape is
essential for the catalytic characteristics. Accessible pores also
signicantly increase the number of active sites per particle,
which benets the charge-transfer process. The mainstream
usually has used the solvothermal technique to produce metal-
based electrocatalysts. Many self-supported electrodes with
catalysts of sheet or array morphologies have recently been
prepared. Wang et al. have designed a NiO array on Ni foam (NF)
with an overpotential of −163 mV at 10 mA cm−2, while Faid
et al. have reported NiO nanosheets drop-cast on glassy carbon,
which gave an overpotential of −372 mV at the same current
density.34,35 However, some drawbacks hinder generalizing the
solvothermal pathway. First, using the solvothermal technique
in catalyst preparation is sophisticated and more suitable for
bench-scale preparation, whereas it needs advanced high-
priced autoclaves to work under complex conditions of
controlling temperature and pressure during crystal formation.
Also, the preparation process cannot be observed, so problems
cannot be detected earlier.36 As a result, the gap in this area still
needs modication to get a more accessible synthesis pathway
of efficient nanostructured catalysts for the HER.

This paper describes a versatile method for fabricating
nanostructured nickel-based oxide, sulde, selenide, and
phosphide, starting with rationally designed 2D Ni-CP akes.
This starting polymer displays a nano-porous structure of
layered nanosheets. Ni-based oxide, sulde, selenide, and
phosphide are successfully produced aer annealing in the
presence of the heteroatom source. Notably, the morphology of
the polymer helps get uniform particles with morphology in the
nano-regime aer the annealing process to achieve surface
active sites as much as possible. This synthesis process has
several pros compared with the most common preparation
methodology. First, it helps to synthesize diverse Ni compounds
by aiding one precursor through a one-step process because of
the –CN group elimination simplicity. Also, it has product phase
exibility through adapting the ratio and temperature. Second,
there is no high sensitivity toward pressure control or the nature
of the added compounds or concentrations. Additionally, it is
a fast synthesis method, a cost-effective process with readily
available compounds and simple equipment.37,38

Hence, by applying the simple drop-casting electrode prep-
aration method, all nickel compounds show catalytic activity
towards the HER, especially Ni-P and Ni-S. Catalytic activity
tests are performed in potassium hydroxide solution (KOH; 0.1
M) and the results are comparable to those of scarce and
expensive Pt/C-40% electrocatalysts. Furthermore, all the
synthesized electrocatalysts display superior durability in
chronopotentiometry for 24 hours compared to Pt/C-40%. In
24262 | J. Mater. Chem. A, 2023, 11, 24261–24271
contrast, Ni-based phosphide shows potent behavior during
four days of catalytic HER performance tests.

2. Experimental section
2.1. Chemicals and reagents

Potassium cyanide (KCN), nickel(II) chloride hexahydrate
(NiCl2$6H2O), thiourea (NH2CSNH2), and trisodium citrate
dihydrate (TSCD, C6H9Na3O9) were purchased from Sigma
Aldrich. Ethanol (EtOH), potassium hydroxide (KOH), ammonia
solution (NH3$H2O), and triphenylphosphine (Ph3P) were
purchased from Fisher Scientic. Both the selenium powder
(Se, 99%) and the Naon D-520 dispersion (5% w/w in water and
n-propanol) were bought from Alfa Aesar. Without any addi-
tional purication, each reagent was used as received.

2.1.1 Synthesis of the potassium tetracyanonickelate(II)
complex. To synthesize the K2[Ni(CN)4]$xH2O complex, 5.10 g of
nickel chloride and 3.20 g of potassium cyanide were dissolved in
20 and 7 mL of deionized water (DW), respectively. KCN solution
was added to the Ni(II) solution dropwise with continuous stirring
to get the grayish-green precipitate of nickel cyanide. The
precipitate was ltered, washed with DW, and dissolved in
another colorless KCN solution (3.35 g/15 mL). The red solution
obtained was heated at 100 °C until the excess water evaporated.
Subsequently, the remaining solution was allowed to form
reddish-orange complex crystals at room temperature. The resul-
tant crystals were dried at 100 °C for an hour to produce a pale-
yellow crystalline powder of potassium tetracyanonickelate(II)
complex, which was then used for further processing.39

2.1.2 Synthesis of 2D Ni-CP akes. 1.45 g of K2[Ni(CN)4]$
xH2O complex was dissolved in 150 mL of DW, and then the
solution was added dropwise to 150 mL of a mixed solution of
NiCl2$6H2O (1.42 g) and TSCD (1.32 g) under constant magnetic
stirring. The mixture was le on a stirrer plate for 1 hour until
a green Ni-CP precipitate was formed. Aer that, the vial was
transferred to a fume hood for aging for one day. The precipitate
was centrifuged several times with DW and ethanol to wash it,
and it was then allowed to dry at room temperature.9

2.1.3 Synthesis of NiO from 2D Ni-CP (Ni-O). To transform
2D Ni-CP into black NiO nanoparticles, a quantity of 500 mg of
the coordination polymer was subjected to annealing in
a ceramic crucible under aerobic conditions. This procedure
was run for 4 hours at a temperature of 300 °C and a heating
rate of 1.0 °C per minute.38

2.1.4 Synthesis of the amorphous NiO reference (r-NiO). A
usual co-precipitation process was used to prepare amorphous
r-NiO for electrochemical behavior comparison. A nickel chlo-
ride solution was initially obtained by dissolving 10.19 g in
107 mL of DW. Then, diluted ammonia solution (50%) was
added to the former solution dropwise under stirring to get the
Ni(OH)2 precipitate. Simultaneously, a pH meter monitored the
solution pH until it reached 9 to terminate the reaction. The
beaker containing the nickel hydroxide precipitate was put into
a water bath at 70 °C for 2 hours until the remaining Ni ions
interacted, and excess ammonia evaporated. The nal step
involved washing the pale green precipitate with DW/EtOH and
annealing at 400 °C under aerobic conditions. The heating rate
This journal is © The Royal Society of Chemistry 2023
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was 4 °C per hour, and the process was carried out for 1 hour,
producing deep gray r-NiO nanoparticles.40

2.1.5 Synthesis of Ni-sulde (Ni-S), Ni-selenide (Ni-Se), and
Ni-phosphide (Ni-P) nanoparticles from 2D Ni-CP. The three
electrocatalysts were prepared by annealing of 2D Ni-CP akes
in a porcelain-boat, inside a tubular furnace operated under an
Ar atmosphere in the presence of the anion source with respect
to eachmaterial. To begin the synthesis of Ni-S, 175 mg of Ni-CP
was mixed gently with 700 mg of thiourea (at a ratio of 1/4 wt/
wt%). The resulting mixture was annealed at 450 °C for one
hour, with a heating rate of 5 °C per minute. This process
yielded a composite material consisting of NiS and NiS2.9

Similarly, Ni-Se was produced by gently grinding 300 mg of 2D
Ni-CP with 600mg of Se powder. The resulting mixture was then
annealed at 400 °C for 3 hours, with a heating rate of 2 °C per
minute.41 Finally, 2D Ni-CP (500 mg) was ground smoothly with
triphenylphosphine (500 mg) to get Ni-P aer annealing. The
annealing process was carried out in two stages. First, the
mixture was heated to 300 °C at a rate of 2.5 °C per minute and
held at that temperature for 2 hours. Subsequently, the
temperature was increased to 750 °C at a rate of 2.5 °C per
minute and maintained at that temperature for 4 hours.
Following this, the mixture was allowed to cool naturally, and
the resulting Ni-P powder was collected for characterization and
electrochemical measurements.26

2.2. Characterization

A eld emission scanning electron microscope (FESEM,
Thermo Fisher Scientic Quattro S) was used to collect the
images of the morphological structure. Powder X-ray diffraction
patterns were detected on an X-ray diffraction instrument
(PXRD, Bruker D8 Discover X-ray Diffractometer). The oxidation
states and elemental compositions of the samples were inves-
tigated by X-ray photoelectron spectroscopy (XPS, Thermo
Fisher Scientic K-Alpha XPS). The absorption spectra were
recorded using UV-Visible spectrophotometer (Shimadzu,
model 2600).

2.3. Electrochemical measurements

The electrochemical HER measurements were done on a CS350
single-channel potentiostat/galvanostat instrument equipped
with a three-electrode ow cell. The reference electrode (RE)
used was a mercury-mercuric oxide with 1.0 M KOH solution,
and the working electrode (WE) was a carbon paper with an area
of 0.25 cm2 (0.5 cm × 0.5 cm) coated with the catalyst. A
graphite rod was utilized as the counter electrode (CE), and all
measurements were performed in an electrolyte solution of
1.0 M KOH. 950 mL of DW/EtOH solution (3 : 1jv/v) and 5 mg of
the catalyst were combined to prepare the catalyst ink, which
was then sonicated for 1 hour. Then, 50 mL of Naon was added
to the mixture and remained under sonication for another
hour.42 Later, 10 mL of the ink was drop-cast on an area of 0.25
cm2 of WE. Linear sweep voltammetry (LSV) was performed in
a potential range from 0 V to−1 V vs. RHE with a scan rate of 10
mV s−1 for the initial assessment of the catalyst. The potential
was corrected versus RHE according to ERHE = EHg/HgO + 0.140 +
This journal is © The Royal Society of Chemistry 2023
0.059pH. Electrochemical impedance spectroscopy (EIS) was
then conducted to calculate the charge transfer speed. At
different scan rates, the cyclic voltammetry (CV) test was also
performed to evaluate the electrochemical active surface area
(ECSA). Then, it was computed by the following equation ECSA
= RfS, where Rf is the roughness factor, and S is the used
geometric area of carbon paper. Rf was calculated from Cdl/CS

where Cdl is the capacitance of the electrical double layer, and
CS is the general specic capacitance (30 mF cm−2 was the value
used in the calculations of this work).43 dl is considered as the
slope of i= Cdln where n is the scan rate, and i is the double layer
charging current. Cdl was calculated by applying various scan
rates (10, 20, 40, 80, 100, and 150 mV s−1) and measuring the
corresponding charging current (the vertical width of the CV
rectangle at the middle point of the potential window).9,43 Also,
chronopotentiometry (CP) was performed for extended intervals
to estimate the long-term stability of the catalysts. Finally, the 3-
electrode system was inserted in a 50 mL sealed cell adapted
with inlet and outlet gas ports and directly connected to a gas
chromatography instrument (GC-2014, Shimadzu, TCD
detector, 2 m 80/10 Shincarbon ST packed column and Ar gas as
a carrier). The generated H2 gas was analyzed at 15 minute
intervals over 5 hours during the chronopotentiometry test.

3. Results and discussion

The rst schematic diagram (Fig. 1) briey described the
synthesis processes of Ni-based materials. First of all, the
K2[Ni(CN)4]$xH2O complex was prepared as shown in the
experimental part, and its formation was conrmed by
measuring the absorption spectrum using a UV-vis spectrom-
eter, where the UV-vis spectrum characteristic of K2[Ni(CN)4]$
xH2O was obtained (Fig. S1†).44 A solution of nickel chloride was
mixed slowly with TSCD to form a complex of Ni-citrate. Then,
a solution of K2[Ni(CN)4]$xH2O was mixed gently with the Ni–
citrate complex. Consequently, a gradual interaction between Ni
and [Ni(CN)4]

2− ions leads to the rational formation of 2D Ni-CP
akes. This slow interaction causes the creation of tiny, ordered
Hoffman-type sheets of 2D Ni-CP akes, which are denoted as
Ni(H2O)2[Ni(CN)4]$xH2O in the literature.38

SEM pictured all the synthesized materials to conrm their
structures and correlate their morphologies with the 2D Ni-CP
precursor (Fig. 2a). Annealing of the polymer was done under
an oxygenated atmosphere to produce the nickel oxide catalyst
with nanoparticle morphology (Fig. 2b), while in an inert
atmosphere, the Ni-CP was annealed to produce nickel sulde,
nickel selenide, and nickel phosphide catalysts (Fig. 2c–e). It
was evident that the 2D morphology collapsed, resulting in
uniform nanoparticles in the nano-regime of Ni-based inor-
ganic materials (Fig. 2b–e). In contrast, the traditional co-
precipitation method is used to prepare non-uniform and
deformed r-NiO particles (Fig. 2f).40 The obtained morphology
using the 2D Ni-CP precursor revealed its advantage over the
traditional precipitation method to form uniform Ni-based
inorganic material nanoparticles.

PXRD analysis was used to examine the crystallographic
structures and phase purity of the synthesized compounds. The
J. Mater. Chem. A, 2023, 11, 24261–24271 | 24263
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Fig. 1 Schematic illustration of the synthesis process of Ni-based materials.
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peaks observed in the XRD pattern of the 2D Ni-CP akes
matched with the orthorhombic Hofmann-type structure of
Ni(H2O)2[Ni(CN)4]$xH2O, which possesses a 2D layered struc-
ture. This result was consistent with previous literature
(Fig. 3a).38 By annealing 2D Ni-CP at 300 °C under aerobic
conditions, a cubic NiO phase was formed (PDF card no. 00-004-
0835) (Fig. 3b).38 Similarly, the annealing of Ni(OH)2 at 400 °C,
which was prepared by complexation–precipitation, gave r-NiO
structures with a typical XRD pattern (Fig. 3c). The ve XRD
peaks were assigned with miller indices (111), (200), (220), (311)
and (222) characteristic of the cubic NiO phase. Heating the
coordination polymer in the presence of thiourea at 450 °C
resulted in the appearance of peaks that could be attributed to
the NiS and NiS2 phases (Fig. 3d) with PDF cards of NiS2 (PDF
Fig. 2 SEM images of (a) 2D Ni-CP, (b) Ni-O, (c) Ni-S, (d) Ni-Se, (e) Ni-P

24264 | J. Mater. Chem. A, 2023, 11, 24261–24271
card no. 65-3325) and hexagonal a-NiS (PDF card no. 02-1280).
For nickel selenide (Fig. 3e), the crystal structure was assigned
to a pure phase of the cubic structure of NiSe2 (PDF card no. 65-
1843), while XRD of the synthesized nickel phosphide (Fig. 3f)
revealed the formation of a mixture composed of different Ni-
based phosphide phases (i.e., Ni5P4, Ni12P5, Ni2P, and NiP3)
accompanied by predominant metallic Ni atoms with a face-
centered cubic shape (PDF card no. 04-0850). Annealing at
750 °C ensured the formation of a Ni-based phosphide phase as
well as metallic Ni.26

X-ray photoelectron spectroscopy (XPS) conrmed the
composition and electronic state of the most efficient catalysts,
namely Ni-P, Ni-S, and Ni-Sematerials. For Ni-S, the spectrum of
Ni showed the two characteristic peaks of Ni 2p3/2 (855.5 eV) and
, and (f) r-NiO.

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Powder X-ray diffraction (PXRD) patterns of (a) 2D Ni-CP, (b) Ni-O, (c) r-NiO (d) Ni-S, (e) Ni-Se, and (f) Ni-P.
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Ni 2p1/2 (872.9 eV). These two peaks correspond to Nid+; there
were four satellite peaks, two peaks for each main characteristic
peak, at 861.8, 866.9, 876.5, and 879.3 eV. Also, there were two
Fig. 4 XPS spectra of the core levels of Ni 2p in Ni-S and Ni-P, S 2p, an

This journal is © The Royal Society of Chemistry 2023
sub-peaks at 859 and 875.6 eV of oxidized Ni atoms at the Ni-S
surface.45 Notably, Ni-S displayed only two peaks for Ni 2p
because the spectra of Ni in NiS and NiS2 phases were
d P 2p.

J. Mater. Chem. A, 2023, 11, 24261–24271 | 24265
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convoluted. In addition, two characteristic peaks were detected
at 162.1 (S 2p1/2), and 163.8 eV (S 2p1/2), which conrmed the
presence of a nickel sulfur bond. Additionally, there were two
peaks at 167.9 and 169.2 eV of O–S due to Ni-S surface oxidation
(Fig. 4).46,54 For Ni-P, Ni showed four peaks for the Ni 2p3/2
energy level, which were 852.8 eV (metallic Ni), 855.9 (Nid+),
860.8 (oxidized Ni), and 863.7 eV (the satellite peak). Also, there
were four peaks for the Ni 2p1/2 energy level, which were 870
(metallic Ni), 873.6 (Nid+), 878.5 (oxidized Ni), and 881.1 eV (the
satellite peak). Furthermore, the spectrum of the P peak at
129.7 eV proved the presence of the P 2p3/2 energy level. The
other three peaks (133.8, 137.0, and 138.3 eV) indicated the
presence of oxidized phosphorous forms due to Ni-P surface
passivation (Fig. 4).47–49 Eventually, for Ni-Se, Ni displayed the
energy levels of Ni 2p3/2, Ni 2p1/2, and satellite peaks. Also, the
main peak of Se 3d existed at 55, with the Se oxide peak at
58.7 eV because of oxidized Se atoms on the sample surface
(Fig. S2†).

Aer material construction, their electrocatalytic perfor-
mance towards the catalytic HER was studied. All electro-
chemical measurements were performed in an aqueous
medium of potassium hydroxide (KOH; 0.1 M) with the mate-
rials initially evaluated through LSV (Fig. 5a). The measured
potentials were corrected to eliminate the effect of solution
resistance (Rs). This step was done by measuring the open
circuit potential (OCP) of each electrode and applying the EIS
test at OCP to determine the solution resistance. Then, the
potential was processed through the following equation: Enal=
Fig. 5 (a) LSV curves before iRs-compensation at a scan rate of 10 mV s−1

mA cm−2, (c) the corresponding Tafel plots of Ni-O, Ni-S, Ni-Se, Ni-P, r-N
related to Tafel plots of each electrode.

24266 | J. Mater. Chem. A, 2023, 11, 24261–24271
Emeasured − iRs × 90%. The Ni-S and Ni-P electrodes showed the
lowest uncompensated overpotentials at 10 mA cm−2, with
readings of 260 and 266 mV, respectively, while aer potential
loss correction, the overpotential of Ni-S and Ni-P enhanced to
be 255 and 263 mV, respectively (Fig. S3a†). The signicant
effect of removing potential loss appeared at high overpotential
values. At 50 mA cm−2, Ni-P gave an overpotential of 394 mV
(Fig. 5b) while it gave an overpotential of 358 mV (Fig. S3b†)
aer resistance compensation with a difference of around
40mV. The low overpotential observed in the Ni-S electrodemay
be attributed to the synergistic effect of the NiS and NiS2 phases,
as evidenced by the XRD analysis.46 Meanwhile, the synergistic
effect was further conrmed when the nickel sulde mixed
phases gave better overpotential at 10 mA cm−2 (266 mV) than
our earlier prepared NiS (single phase), which gave an over-
potential of 316 mV.9 Additionally, the synergistic interaction
between Ni12P5, Ni5P4, Ni2P, and NiP3 phases also had a great
inuence on efficiency.50 The expensive Pt/C-40% achieved
38mV, Ni-Se (305 mV), r-NiO (571 mV), Ni-O- (576mV), and bare
carbon paper (659 mV) at 10 mA cm−2 under identical condi-
tions. Notably, the NiSe2 phase gained less attention because of
the challenges of its synthesis, although, it has the best elec-
trochemical properties among the other nickel selenide pha-
ses.51 Also, the overpotential of our NiSe2 electrode in this paper
is close to the nal recorded value of the same phase on the self-
supported electrode. This result conrmed the ability of the
method to compete with other complex and hard synthetic
methods and get close results.52 At 50 mA cm−2, the order of
, (b) the overpotential value of each electrode at a current density of 50
iO, and Pt/C-40% electrodes, and (d) the estimated exchange currents

This journal is © The Royal Society of Chemistry 2023
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Table 1 The catalyst performance and their HER kinetic parametersa

Catalyst

Overpotential (h)

Tafel slope (b)
Exchange current
density (j0)

Charge transfer
coefficient (a)h10 h50 h100

r-NiO 571 856 — 358 0.28 0.16
Ni-O 576 784 851 189 0.007 0.31
Ni-Se 305 499 639 230 0.37 0.26
Ni-S 260 453 571 267 0.89 0.22
Ni-P 266 394 483 186 0.5 0.32

a Note: these values are achieved with catalyst loading mass 0.2 mg cm−2.
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overpotential values slightly changed to show the superiority of
Ni-P (394 mV) to Ni-S (453 mV) and Ni-O (784 mV) to r-NiO (856
mV) (Fig. 5b). The Tafel slopes (b) indicated that the Ni-P cata-
lyst had the most efficient kinetics for hydrogen generation,
with a value of 186 mV dec−1, suggesting a shorter reaction
pathway. In comparison, the Tafel slope of the Pt/C-40% elec-
trode was 48 mV dec−1. Additionally, the slopes of the remain-
ing electrodes were 189 mV dec−1 for Ni-O, 230 mV dec−1 for Ni-
Se, 267 mV dec−1 for Ni-S, and 358 mV dec−1 for r-NiO (Fig. 5c).
Also, the Tafel slope values were enhanced aer applying the
resistance correction to be 130 mV dec−1 for Ni-P, 156 mV dec−1

for Ni-O, 197 mV dec−1 for Ni-Se, 225 mV dec−1 for Ni-S, and
291mV dec−1 for r-NiO (Fig. S3c†). Generally, all Tafel slopes are
larger than 120 mV dec−1 which indicates that the water split-
ting step is the RDS of the reaction whichmeant the Volmer step
controlled the reaction speed.53,54 Exchange current density (j0)
was the parameter that provided feedback about the kinetics of
the overall electrochemical reaction. This term was dened as
the rate constant analog for redox reactions, and its value is the
anti-log of the Tafel plot line intercept with the X-axis at the
equilibrium potential (h = 0).55 The Ni-S, Ni-P, Ni-Se, and Ni-O
achieved 0.89 mA cm−2, 0.5 mA cm−2, 0.37 mA cm−2, and
0.007 mA cm−2 (Fig. 5d). The charge transfer coefficient (a) was
another kinetic parameter that referred to the electron jumping
efficiency through the electrode–electrolyte interface. This
parameter could be computed through the formula, a =

(2.303RT)/(bnF) where R is the gas constant, T is the room
temperature in kelvin, b is the Tafel slope of each catalyst in
volt, n is the number of electrons in the RDS, and F is the
Faraday constant.56 Kinetic parameters of all the catalysts are
given in Table 1.

Cyclic voltammetry (CV) was conducted to measure the
ECSA, with scan rates of 10, 20, 40, 80, 100, and 150 mV s−1 used
within a potential window ranging from 0.1 to 0.2 V versus
a mercury-mercuric oxide (Hg/HgO) reference electrode. The
estimated ECSA values were 33.3 cm2 for Ni-P, 20.7 cm2 for NiS,
and 17.6 cm2 for Ni-Se, revealing their outstanding performance
(Fig. S4†).

To ascertain the charge-transfer resistance (Rct), the elec-
trochemical impedance spectroscopy (EIS) test was conducted
at a voltage of −0.53 V vs. RHE. The Ni-P electrode revealed the
tiniest Nyquist arc, the lowest resistance, and the most rapid
transfer of charges, which conrm its catalytic superiority
among the other catalysts (Fig. 6a). The lowest resistance of the
This journal is © The Royal Society of Chemistry 2023
Ni-P composite could be explained by the large amount of
conductive cubic Ni metal and multiple active sites in Ni-P.
Following the EIS test, a chronopotentiometry test was con-
ducted to evaluate the durability of the catalysts at a constant
current density (100 mA) for 24 hours. Operating a test at a high
current value for one day was a step to measure the catalysts
performance under industrial-scale simulated conditions in
contrast to the previous studies of these compounds at 10 mA
cm−2.47,57,58 Starting with Pt/C-40%, the deterioration in over-
potential was about 44%. However, the deterioration percent-
ages of Ni-S and Ni-P were only 6.5% and 11.6%, respectively,
aer 24 hours of continuous HER performance. Additionally,
the Ni-Se electrode almost kept its overpotential stable during
the 24 hours while the Ni-O overpotential declined and
improved by about 9% (Fig. 6b). The small presence of Ni0 sites
due to reduction occurring on the surface promoted the
recombination of H atoms and the material conductivity. It
improved the HER rate besides the presence of NiO sites, where
H2O molecules dissociate.35 Aer conducting chro-
nopotentiometry measurements for 24 hours, we performed
LSV again for all electrodes. It was found that the whole elec-
trode overpotentials at 50 mA cm−2 are enhanced or slightly
increased except for the benchmark Pt/C (40%) and Ni-Se, both
suffered from strong deterioration (Fig. 6c and d).

Then, we ran the long-term chronopotentiometry test on Ni-
P for an additional four days. Surprisingly, aer replacing the
electrolyte solution with a clean one and repeating the test for
an extra 24 hours, the electrode showed a stable performance
(Fig. 7). This result, combined with the LSV, EIS, and ECSA,
revealed the potential of our materials toward the alkaline HER
catalytic performance. For further verication, the amount of
H2 gas evolved was analyzed via an online GC-TCD system for 5
continuous hours under the same conditions of the chro-
nopotentiometry test in a sealed electrocatalytic cell. The time
course of H2 evolution was recorded as indicated in Fig. S5.†
The hydrogen generation rate (HGR) calculated for the Ni-P
sample was 2.6 mmol h−1 cm−2.43
4. Surface process interpretation
(HER mechanism)

The reaction on the surface of the efficient catalyst (Ni-P and Ni-
S) can be interpreted in detail as the following. Initially, the
reaction of water splitting in an alkaline medium starts with
J. Mater. Chem. A, 2023, 11, 24261–24271 | 24267
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Fig. 6 (a) EIS Nyquist plots of the different electrodes, (b) chronopotentiometry responses of Ni-O, Ni-S, Ni-Se, Ni-P, and Pt/C-40% electrodes
at the applied current (100 mA) for 24 h in KOH solution (0.1 M), (c) LSV of Ni-O, Ni-S, Ni-Se, Ni-P, and Pt/C-40% after 24 chronopotentiometry,
and (d) the overpotential value of each electrode after chronopotentiometry at a current density of 50 mA cm−2.

Fig. 7 The chronopotentiometry tests were conducted on four
separate days. The measurements taken on the first, third, and fourth
days were conducted using a clear solution, while the measurements
taken on the second day were conducted in the turbid solution.
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water molecule adsorption to form the reactive adsorbed H*

atom (Volmer step). One of the two general pathways may follow
the Volmer stage: Heyrovsky and Tafel. In the Heyrovsky step,
the adsorbed H* atom interacts with another water molecule in
the presence of an electron to form an H2 molecule and OH−
24268 | J. Mater. Chem. A, 2023, 11, 24261–24271
species, which is expected here and is in accordance with our
previous studies and DFT calculations.59 In the Tafel step, two
adsorbed H* atoms combine to form an H2 molecule. Usually,
for transition metal compounds the critical stage of the H2

formation reaction is Volmer (dened by how easily the
adsorption and dissociation of H2O molecules occur). Hence, if
we start with the Ni-P surface, the surface consists of two major
types of catalytic active species: the high percentage of face-
centered cubic Ni0 atoms and different nickel phosphide pha-
ses. The phosphorous atom has a higher electronegativity than
the Ni atom, which causes the formation of a partial positive
charge on the nickel atom (Nid+–Pd−). The negative charge on P
generally works as a positively charged proton trapper. In
addition, the partial positive charge on Ni weakens the strength
of H adsorption and facilitates desorption and H2 formation.
However, the reactivity of the Ni-P catalyst decreases because of
the presence of Ni0 atoms with nickel phosphide phases.
Although metallic nickel helps raise the conductivity, it is much
more reactive to interact in the HER reaction. The Ni0 adsorp-
tion affinity towards H* is strong, which causes poisoning and
blocking of nickel active centers with time. The predominance
of metallic nickel may be the main reason beyond the low
catalytic activity of the as-prepared Ni-P catalyst compared with
nickel phosphides in the literature. In conclusion, the superi-
ority of Ni-P (Ni/NixPy) may be related to two reasons: (i) the
existence of H-acceptor and proton-acceptor active sites in Ni-P,
This journal is © The Royal Society of Chemistry 2023
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which improve its catalytic activity and (ii) a high percentage of
Ni metal that boosts the catalyst conductivity due to its intrinsic
behavior but at the same time, it might promote sensitivity
towards poisoning.9,60,61

Ni-P and Ni-S have exactly the same working mechanism in
enhancing the HER. Both have Ni positively charged atoms
because phosphorous and sulfur have higher electronegativity
than nickel. Nevertheless, the positive partial charge of nickel in
the case of Ni-P is higher than that in Ni-S, as is evident from
XPS data. The shiing of the Ni 2p3/2 peak of Ni-P towards
a more elevated positive value (855.9 eV) is greater than that in
the case of the Ni 2p3/2 peak of Ni-S (855.5 eV). This shiing is
calculated compared with the same peak value of standard
metallic nickel (852.2 eV).62 Therefore, the catalytic activity of
Ni-P towards the HER has appeared to be better than that of Ni-S
catalysts.
5. Conclusion

The research has focused on fabricating four Ni-based
compounds by calcinating 2D Ni-CP with element sources
under various thermal conditions. These synthesized
compounds have exhibited high exposed surface area and good
electrocatalytic properties. The catalytic activity of these nickel
compounds towards the HER was examined through general
electrochemical tests, e.g., LSV, EIS, CP, and CV. Among them,
Ni-P has shown the lowest Tafel slope and resistance value;
moreover, it has exhibited high persistence against activity loss
in the HER chronopotentiometry test even when the reaction
lasted 96 hours. Also, all prepared compounds have displayed
excellent durability compared with commercial Pt/C-40% cata-
lysts in chronopotentiometry. Eventually, the preparation
method will be modied to synthesize many transition-metal-
based composites and electrocatalyst with nanoparticle
morphology to enhance the overall water-splitting reaction.
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