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ABSTRACT: We demonstrate the electrocatalytic activity of “nitrogen (N)-doped
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porous carbon matrix embedded with nickel nanoparticles” for efficient hydrogen Carbon Framework

evolution reaction (HER) in alkaline medium. Three samples were synthesized via ~720) N
pyrolysis of a fixed amount (500 mg) of Ni(acac),, along with three different §-40f - e
amounts of nitrogen precursor melamine (100, 250, and 500 mg) separately. The 2 E-60 1 vxon
varying nitrogen concentrations of the surrounding carbon layers on the Ni -80
nanoparticles enhance the surface area and porosity, exposing extensive active sites /
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for catalytic reactions. The transition metal-based catalysts are crucial for long-term Potential (V) v& RHE

sustainability due to their combined edge (effectiveness and inexpensiveness) over

traditional catalysts. Thus, by employing the protective carbon layer on the transition metal nanoparticles, we fabricated a catalyst
that exhibits outstanding performance, with a low overpotential of 45.6 mV at 10 mA cm™” in 1 M KOH and maintains it for 24 h
(durability), highlighting its exceptional catalytic efficacy and stability. The pores in carbon nanostructures facilitate the ionic
moieties to move to active sites inside the pores. As the pore size variation influences the movement of charge or diftusion, this is
reflected in the magnitude of impedance (IZl,,,). Consequently, the enhanced number of active sites along with the larger pore sizes

resulting from optimum amounts of nitrogen doping enables the sample with minimal IZl,;,; and an enhanced HER performance.

imp

The present study demonstrates the way to design a sustainable, extremely effective, and inexpensive HER electrocatalyst.
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1. INTRODUCTION

A practical and effective method for generating green energy,
such as producing hydrogen from the abundant resource of
water, is essential to meet the world’s increasing energy
demands." However, directly producing hydrogen by splitting
water naturally is almost impossible, so a catalyst is required.
Furthermore, generating hydrogen from water through direct
electrolysis is extremely difficult.” Hence, emphasis has been
made on effective transition metal-based traditional electro-
catalysts such as Pt, Au, and Ag,3’4 which are too expensive. On
the other hand, the hydrogen evolution reaction (HER) can be
catalyzed in two different ways: (1) from hydrogen ions
available in an acidic medium through the dissociation of the
acid® and (2) through the dissociation of water in a basic
medium.’® While extracting hydrogen from acid is relatively
straightforward, it is not cost-effective. Extracting hydrogen
from water in a basic medium poses challenges, necessitating a
suitable, stable, inexpensive, and efficient catalyst. Although
traditional catalysts are viable options, their significant cost is a
disadvantage and a limitation. Therefore, we aim to showcase
3d-transition metal (TM) elements (such as Fe, Co, and Ni) as
catalysts. The primary concern with these metals is their
susceptibility to corrosion in both water and acidic mediums.”
Yadav et al. have shown that coating metallic particles with a
reduced graphene oxide sheet can effectively shield the 3d-
transition metal particles in a highly corrosive environ-
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ment.*™"' Moreover, Kumar et al. have conducted thorough
research on synthesizing and controlling the graphitic proper-
ties of carbon on the embedded 3d-transition metal nano-
particles.'””™"* Earlier, significant efforts were devoted to
developing a low-cost 3d-transition metal-based catalyst;">~""
however, their stability and multifunctionality have not been
thoroughly explored. Numerous noteworthy attempts are
underway to design alternative catalysts suitable for the
hydrogen evolution reaction (HER)."®"” These catalysts have
the potential to replace those reliant on precious metals.
Hydrogen generation is constrained by the high over-
potential and low chemical stability of existing catalysts for
water electrolysis.””>' Researchers have previously explored
earth-abundant and stable transition metals as catalysts, such as
(Fe, Co, Ni)-oxides,”” -nitrides,”® and -carbides,”* but their
efficiency is constrained by poor intrinsic conductivity.
Moreover, to optimize the catalytic performance of 3d-
transition metal particles, durable, conductive, and anticorro-
sive supports such as carbon cages, nanotubes, or nanorods
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need to be developed.” Fei et al." recently reported that metal
nanoparticles embedded in a carbon framework create stable
and effective electrocatalysts for the hydrogen evolution
reaction (HER). The graphenic coating on metal nanoparticles
prevents oxidation and synergistically enhances electrocatalytic
activity, with its effectiveness influenced by the thickness of the
carbon layer.”>™*” To shield these 3d-transition metal
nanoparticles from corrosion and enhance catalytic perform-
ance through N-doping, we endeavored to embed the
nanoparticles in a N-doped porous carbon matrix.

Herein, we present a cost-effective, scalable, and single-step
synthesis method for producing porous nanostructured
nitrogen-enriched graphitized-carbon-coated nickel nanopar-
ticles under an inert atmosphere, as illustrated in Scheme 1.

Scheme 1. Schematic Presentation of the Synthesis of Ni—
NY (Y= 100, 250, and 500) Samples
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The variation in N-doping induces a porous architecture,
providing a large specific surface area, porosity, and exposed
active centers, facilitating the adsorption of hydrogen atoms.
Optimizing the loading of catalyst supports is crucial for
overcoming constraints. Additionally, the confined porous
geometry prevents the agglomeration of graphitic carbon-
coated Ni nanoparticles, thereby enhancing the performance of
diverse electrocatalytic active centers. The active sites
generated from nitrogen doping accelerate the kinetics more
rapidly. Moreover, we demonstrate here that these HER
electrocatalysts exhibit high efficiency and stability, displaying
excellent electrocatalytic performance and long-term stability
in an alkaline medium.

2. RESULTS AND DISCUSSION

We synthesized Ni nanoparticles coated with graphitic carbon
shells doped with varying amounts of nitrogen (Ni—NY, where
Y = 100, 250, and S00) as catalysts for the HER. Scheme 1
illustrates the synthesis procedure, while the experimental
details can be found in Section S1 of the electronic Supporting
Information file accompanying this paper. The study of the
structure and active centers for the HER activity in Ni—NY
catalysts is crucial for understanding the efficient extraction of
green hydrogen from water. Hence, a detailed analysis of the
structural aspects of samples is given below.

2.1. Structural Investigation. 2.1.1. X-ray Diffraction
(XRD). Figure la presents the X-ray diffraction (XRD) patterns
of Ni—NY (Y = 100, 250, and 500) powder samples within the
20 range of 10° and 60°, revealing three peaks. Specifically, the
peak at 26.5° corresponds to the (002) plane of graphitic
carbon, while the peaks at 44.5° and 51.8° correspond to the
(111) and (200) planes of the face-centered cubic (fcc) phase
in metallic nickel (Ni) nanoparticles, respectively. This
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Figure 1. (a) XRD patterns recorded on Ni—NY samples and well
matched with ICSD data of C (File # 76767) and Ni (File # 260169).
(b) Raman spectra of Ni—NY samples. The SEM images were
recorded on (c) Ni—N100, (e) (Ni—N250), and (g) Ni—NS00
samples. The SEM (10 um scale) micrograph with EDX elemental
mapping for C, N, and Nij, respectively, for (d) Ni—N100, (f) (Ni—
N250), and (h) Ni—NS500 samples.

indicates the presence of two distinct phases. The peaks
detected in the XRD pattern match well with the inorganic
crystal structure database (ICSD) entries for Ni-fcc (ICSD-
260169) and C (ICSD-76767). Interestingly, a visual
inspection of the XRD patterns reveals that the line widths
of the Ni (111) and (200) Bragg peaks increase with the
amount of melamine. This implies the presence of the smallest
metallic crystallites in the Ni—NS00 sample. The broadening
of the (002) Bragg peak suggests the presence of both
amorphous and graphitic carbons in the material. This
observation is confirmed by the fitting of two subpeaks,
indicating the presence of amorphous carbon (a-C) and
graphitic carbon (g-C) (Figure S1). As the amount of
amorphous carbon in the samples decreases, the a-C to g-C
ratio (a-C/g-C) also decreases. The a-C concentrations in the
Ni—N100, Ni—N250, and Ni—NS500 samples are approx-
imately 38.5%, 24.6%, and 22.5%, respectively, as shown in
Table S1. This suggests that increasing the melamine content
leads to enhanced graphitization. A detailed discussion of these
aspects is provided in Supporting Information, Section S2 1.1.
Consequently, the ratio of a-C to g-C decreases as the amount
of amorphous carbon gradually diminishes in the sample. The
broadening of carbon peaks can be attributed to the presence
of doped nitrogen atoms and intrinsic defects.”®

To gain a comprehensive understanding of the catalytic
performance resulting from N-doping and the presence of
metal nanoparticles in the samples, we synthesized similar
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samples without N-doping and without the presence of metal.
Specifically, we prepared reduced graphene oxide using an
improved Hummers’ method'® and characterized it. The XRD
pattern of the nickel-embedded carbon matrix without N-
doping (sample code: Ni—C) exhibits peaks similar to those
observed in Ni—NY samples, as illustrated in Figure Slg. In
contrast, both the reduced graphene oxide (rGO) and N-
doped rGO show a peak at approximately 26 of 26.6°
corresponding solely to the C (002) peak.

2.1.2. Raman Spectroscopy. Raman spectra of the Ni—NY
samples are listed in Figure 1b. Notably, two prominent peaks
at ~1351 and ~1575 cm™" indicate the presence of defective
carbon (D-band) and graphitic carbon (G-band), respectively.
Deconvoluting the Raman spectra offers vital insights into the
defects. Hence, we conducted fitting into subpeaks (the details
of the subpeaks and their positions are mentioned Section S2
1.2). It is important to note that the increase in the D-band
intensity can be correlated with the rise in the amount of
foreign (nitrogen) atoms inserted into the carbon layer.”” The
ratio of the intensity of the graphitic (G) peak to the defective
(D) peak (Ig/Ip) provides a quantitative measure of the total
surface defects in the carbon structure.’”" This ratio is found
to be 0.34, 0.29, and 0.24 for the Ni—N100, Ni—N250, and
Ni—NS00 samples, respectively (Table S2). Hence, the
graphitic crystallites of the Ni—NS00 sample are less defect-
enriched (amorphous) than the other samples, as made evident
by the previously reported XRD results. The intensity ratio
Ip,/Ig serves as an indicator of planar defects in the samples.
As shown in Table S2 and the corresponding plot in Figure
S7a, the increase in Ip,/I; with increasing melamine content
demonstrates that a higher amount of nitrogen precursor
during synthesis leads to a rise in the number of planar defects.
The Ip,/I; intensity ratio provides information regarding
carbon atoms at the edges of graphitic crystallites, and the I3/
I ratio represents the amount of amorphous carbon present in
the samples. This aspect will be discussed more in the XPS
results. Hence, Raman analysis offers valuable insights into the
quantities and types of local defects present in the samples.
The presence of these defects primarily promotes the
formation of electrochemically active centers,”” leading to a
substantial enhancement in the HER activity.

2.1.3. Scanning and Transmission Electron Microscopy
(SEM and TEM). The SEM micrographs of the synthesized
Ni—N100, Ni-N250, and Ni—NS500 samples are displayed in
Figure 1c,e, and g, respectively. The micrographs clearly show
that all the samples contain several carbon aggregates,
specifically depicting two intensity levels: white and gray.
The white regions indicate the presence of Ni nanoparticles on
the nanoscale. This is because Ni atoms emit more secondary
electrons than carbon atoms, resulting in carbon appearing
gray in contrast. The appearance of the white and gray region
in micrographs is described in depth in Section S2 1.3. SEM
micrographs depict gray areas, indicating the presence of
carbonaceous material (carbon flakes), with irregular shapes
observed across all synthesized samples. As previously
discussed, this is understandable and given that higher carbon
content in the Ni—NS00 sample leads to enhanced dispersion
of the metallic nanoparticles within the matrix. The SEM
images of the Ni—C, N-doped rGO, and rGO samples are
shown in Figure S2a—c, respectively. In comparison, the
morphology of the Ni—C sample appears to be similar to that
of the Ni—NY sample. The SEM images for energy dispersive

X-ray (EDX) elemental distribution are shown in Figure 1d,f,
and h, for Ni-N100, Ni-N250, and Ni-N500, respectively.

In the EDX mapping, we observed a uniform distribution of
all elements, including C, N, and Ni, throughout the samples.
However, as expected, a denser distribution of nitrogen (N)
was observed with increasing amounts of the melamine
precursor, as shown in Figure 1f. Conversely, it was observed
that the quantity of dispersed Ni nanoparticles within the
scanned area decreased as the concentration of melamine
increased in the samples, despite the use of an identical
quantity of Ni precursor (750 mg of Ni(acac),) during
synthesis. This decrease is attributed to the additional
contribution of carbon atoms from the melamine precursor.
A detailed explanation of this observation is provided in
Supporting Information Section S2 1.3.1, Table S3, and Figure
S2d. TEM was employed for further structural characterization.
Figure 2a—c depicts bright-field TEM micrographs of the Ni—
N100, Ni—N250, and Ni—NS500 samples, respectively. It was
observed that all of the Ni nanoparticles were encased in a

Figure 2. (a), (b), and (c) show the low-magnification bright-field
TEM micrographs of Ni—N100, Ni—N250, and Ni—NS500 samples,
respectively. HRTEM image of Ni nanoparticle present in the
corresponding sample shown in (d), (e), and (f). Inset shows related
FT of HRTEM image. HRTEM image of carbon matrix around Ni
nanoparticle in corresponding Ni-N100, Ni-N250, and Ni-NS00
samples are shown in (g), (h), and (i), respectively. (j)(i) High-angle
annular dark-field scanning transmission electron microscopy
(HAADF-STEM) of Ni—N100 sample, while (ii), (iii), and (iv)
show the elemental mapping for Ni, C, and N, respectively. (k)(i)
HAADF- STEM image of Ni—N250 sample, while (ii), (iii), and (iv)
show the elemental mapping for Ni, C, and N, respectively. (1)(i)
HAADE- STEM image of Ni—NS500 sample, while (ii), (iii), and (iv)
show the elemental mapping for Ni, C, and N, respectively.
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graphitic carbon shell. Figure 2d—f displays HRTEM images of
Ni nanoparticles encased in a graphitic carbon shell for each
sample. The d-spacing value of approximately 2.01 A,
corresponding to the (111) plane of the Ni fcc lattice,
confirms the core—shell configuration of Ni-graphitic-C. For a
detailed view of atomic arrangement, the zoomed-in Ni (111)
fcc lattice is shown in Figure S3. The fast Fourier transform of
the Ni nanoparticles’ lattice fringes is inset in each HRTEM
image (Figure 2d—f). The bright spot confirms the presence of
the (111) plane of the Ni-fcc lattice, also evident in the XRD
pattern of all synthesized samples. The HRTEM images of the
graphitic carbon shells for Ni—N100, Ni—N250, and Ni—N500
samples, revealing resolved lattice fringes (with a d-spacing of
approximately 3.38 A consistent with the (002) plane of
carbon), are presented in Figure 2g—i, respectively. Figure
2j(i) illustrates the high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) image of
the Ni—N100 sample, accompanied by elemental mapping
depicting the distribution of Ni, C, and N in (ii), (i), and (iv)
respectively. In Figure 2k(i), the HAADF-STEM image of the
Ni—N250 sample is presented, along with the corresponding
elemental distribution of Ni, C, and N shown in (ii), (iii), and
(iv), respectively. The HAADF-STEM image of the Ni—NS500
sample is shown in Figure 2I(i), followed by the elemental
distributions of Ni, C, and N in parts ii, iii, and (iv),
respectively.

2.1.4. X-ray Photoelectron Spectroscopy (XPS). X-ray
photoelectron spectroscopy (XPS) was employed to analyze
the elemental composition of the Ni—NY (Y = 100, 250, and
500) samples. The high-resolution XPS (HRXPS) spectra of C
Is, N 1s, and Ni 2p are presented in Figure S6. The inclusion
of nitrogen atoms into the carbon matrix alters the electronic
structure, enhancing their electrocatalytic activity.'>** The
highly delocalized electrons within this pristine graphitic
network exhibit lower chemical activity, limiting their
involvement in electrochemical reactions'* (further details of
this aspect are discussed, Section S2 1.5). The presence of
nitrogen within the carbon structure increases the reactivity by
inducing defects and altering electronic delocalization,
prompting chemical reactions. Normally, in pristine graphitic
carbon, 7 electrons from carbon 2p orbitals strongly overlap,
forming highly delocalized planes both above and below the
graphenic sheets of o-bonded carbon layers.”**> However, the
introduction of nitrogen disrupts this electron continuity due
to the electronegativity difference between carbon (2.55) and
nitrogen (3.05), rendering the sample more reactive compared
to pristine carbon sheets.’® Differences in the nitrogen
concentration among Ni—NY samples affect electronic
delocalization and the electronic environment, influencing
their participation in electrochemical reactions. The XPS peak
positions and their full width at half-maximum (fwhm)
obtained from the least-squares fittings for the C 1s, N Is,
and Ni 2p spectra are listed in Table S4. The total carbon
content was determined to be 54.7%, 69.5%, and 81.8% for the
Ni—N100, Ni—N250, and Ni—N500 samples, respectively.

In literature, the lesser electron-withdrawing nature of the
carbon framework is noticed as a small fwhm, whereas strongly
influenced electronic delocalization gives rise to a highly
withdrawing nature as a large full width at half-maximum
(fwhm).”” Figure S5 illustrates nitrogen moieties including
pyrrolic, pyridinic, and quaternary nitrogen, with electron
density at neighboring carbon atoms. Due to the high
electronegativity of N, the ortho-carbon of pyridinic N

experiences a more positive charge cloud, while N has a
negative charge cloud. The positive charge density at the
ortho-carbon is lower for pyrrolic N and decreases even further
for quaternary N.***° The pyridinic nitrogen has a lower
electron-withdrawing nature than the graphitic N because the
lone pair remains neutral.’” Among all types of nitrogen,
pyridinic and pyrrolic nitrogen species easily coordinate with
nickel and form Ni—N,C complex, which decreases the
adsorption energy of neighboring carbon atoms.*' The overall
nitrogen content (atomic percentage) was found to be 2.3, 4.5,
and 7.2% for Ni—N100, Ni—N250, and Ni—NS500 samples
(Table SS), respectively, and the relative amounts of different
nitrogen moieties are shown in Figure 3a.
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Figure 3. (a) Percentage of nitrogen content in material as derived
from XPS results, (b) TGA profile, (c) N, adsorption/desorption
BET curve, (d) distribution of pores, (¢) UV vis-DRS reflectance
spectra, and (f) band gap estimation on Ni—NY (Y= 100, 250 and
500) samples, respectively.

The XPS scan of Ni 2p core—shells revealed the presence of
nickel metal and various nickel species in the spectra. The
assigned peaks indicate the existence of nickel metal, surface +
nonlocal, and satellite peaks at specific energy levels (the
details of this aapect are provided in Supporting Information,
Section S2 1.5). % The amounts of nickel were found to be 43,
26, and 11% for the Ni—N100, Ni—N250, and Ni—N500
samples, respectively. It is notable that the fwhm (from XPS)
of the main carbon peak for Ni—NS00 (1.46 eV) is
significantly broader compared to Ni—N100 and Ni—N250
(1.32 and 1.40 eV, respectively).”” This is also evidenced by
the Raman study, which shows the lowest I/Ij ratio for Ni—
NS00 among the Ni—N250 and Ni—N100 samples. The
significant broadening observed in the main carbon peak
strongly indicates a predominant association of nitrogen within
the graphitic carbon plane.”” To validate this phenomenon, we
correlated the in-plane sp’induced defects (D1) from the
Raman study with the fwhm of the main carbon peak in XPS.
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Ni—N500 showed the greatest interruption in electronic
delocalization (large C 1s fwhm) and the highest in-plane
defects (large Ip;/I), as seen in Figure S7a, with a linear
correlation to the highest C 1s fwhm shown in Figure S7b. The
defects at the edges of graphitic crystallites (Ip,/Ig) and
amorphous carbon defects (Ip;/I;) decrease with increasing
N-doping, as shown in Table S2. This significant reduction in
Ips/1Ig and Ip,/Ig in the Ni—NSOO sample suggests that the
defects are closely associated with graphitic carbon, altering the
electronic properties and enhancing the electrochemical
activity.

2.1.5. Thermogravimetry Analysis (TGA). The temperature-
dependent decomposition of Ni—NY samples was examined
using weight loss vs temperature curves from TGA in air, as
shown in Figure 3b. Typically, thermal decomposition at
various temperatures is attributed to the cleavage of C—C and
C—N bonds. The amorphous carbon begins to combust at
lower temperatures compared to the more structured carbon
matrix.”> Weight loss below ~270 °C is due to the removal of
surface functionalities. The thermal decomposition analysis
shows a higher concentration of amorphous carbon in the Ni—
N100 sample, as indicated by its earlier burning onset. The
slightly higher decomposition temperature in the Ni—NS00
sample suggests greater graphitization. Increasing the N-
precursor typically results in more defective graphitic carbon
due to nitrogen dopants, as seen in our Ni—NY samples.
Additionally, higher melamine precursor amounts lead to an
increased level of amorphous carbon, contributing to the total
carbon content. This aspect is clearly discussed in Section 2.2.
The highly graphitic heterostructure forms stronger covalent
bonds compared to amorphous carbon.** The N-doped
heterostructures in the lattice could enhance the chemisorption
phenomenon of various volatile products, requiring temper-
atures between 100 and 300 °C for their expulsion.”**
Furthermore, the residual masses measured at temperatures
exceeding 515, 600, and 650 °C for Ni—N100, Ni—N250, and
Ni—N500 are 66.4%, 50.6%, and 39.6%, respectively. These
values indicate the presence of Ni-fcc nanoparticles in the
samples. The decreased residual content of 39.6% for Ni—
N500, along with a slightly higher burning temperature,
suggests a significant presence of graphitic-defected carbon,
which correlates with the quantity of the melamine precursor
used.

2.1.6. BET Analysis. Nitrogen adsorption/desorption
isotherm technique was employed to determine the
Brunauer—Emmett—Teller (BET) surface area and pore size
distribution using the Barrett—Joyner—Halenda (BJH) ap-
proach, as depicted in Figure 3¢, d. The plot in Figure 3c
reveals that initially, the heterostructure sites were vacant, but
with a slight increase in relative pressure, there was a rapid rise
in adsorption volume below 0.05 P/P,. With further pressure
application, subsequent adsorption takes place either on the
flat surface or through capillary condensation.***” The versatile
morphology of the heterostructures facilitates improved gas
molecule penetration (these aspects are discussed in detail,
Section S2.1.4). The specific BET surface area, volume of the
pore, and mean pore diameter values for the Ni—N500 sample
are 246.9 m* g_l, 0.301 cm? g_l, and 5.365 nm, respectively,
which are superior to those of Ni—N100 (197.8 m* g/, 0.232
cm® ¢g7!, and 4.785 nm) and Ni—N250 (218.7 m* g”/, 0.293
cm® ¢!, and 4.896 nm) samples. This large BET-specific
surface area for the Ni—=N500 sample, compared to Ni—N250
and Ni—N100, offers improved porosity and high surface

structural defects.”® These structural modifications are helpful
for their catalytic activity.

2.1.7. UV Vis—DRS Analysis. The UV vis—visible diffuse
reflectance spectra of as-synthesized samples Ni—NY (Y = 100,
250, and 500) were recorded in the 200—800 nm range and are
shown in Figure 3e. The Kubelka—Munk method'>*’
estimates the band gap of materials (Section S2 1.6). The
Kubelka—Munk plot depicted in Figure 3f reveals direct band
gap values of 1.59 1.56, and 1.53 eV for the Ni-N100, Ni—
N250, and Ni—NS00 samples, respectively. The defects
induced in the graphitic carbon shell by N-doping generate
their unique energy states within the band gap of graphitic
carbon’s energy band. The spread of energy levels leads to the
defect gradient and extends inside the bandgap. Hence, the
electrochemical reaction is influenced by the type and extent of
disorder in the material."> This effect can clearly visualized by
plotting the Urbach energy plot (Figure S8a) for our samples,
which signifies the spread of energy levels associated with
defects within the band gap. Typically, these defect levels
extend like a tail into the bandgap region (Figure $8b—d).*° As
a result, by adjusting the nitrogen doping, the distribution of
the bands is determined by the nature of the disorder present
in the sample.'” This observation is further corroborated by
the elevated Ip;/I; in the Raman study and the significant
fwhm of the C 1s main peak in XPS, as depicted in Figure S7b.
Hence, as the catalytic features of the materials are largely
influenced by their electronic band structure, and changes in
the electronic structure have a significant impact on catalytic
activity.

2.2. The Mechanism of Graphitization in the
Samples. The pyrolytic growth of nickel nanoparticles-
embedded graphitic-carbon follows the vapor—liquid—solid
(VLS) mechanism, as discussed in many previous re-
ports.'”'#>" The mechanism of the graphitization process
proceeds as follows. When the precursors (Ni(acac), and
melamine (C;NgHg)) are heated, they decompose into carbon,
nitrogen, and nickel vapors.”> Among all the vapors, being
heavier (having higher momentum) and having a higher
adhesive nature, the nickel vapor is assumed to deposit on the
walls of the quartz tube easily. Once deposited, the nickel
atoms segregate and form small nanoparticles. Being small
nanoparticles, they are in the molten state, even at
approximately 400 °C. These molten Ni nanoparticles serve
as catalysts for the graphitization of carbon, as discussed below.
Subsequent to the formation of Ni nanoparticles, carbon and
nitrogen deposit on these small metal nanoparticles, creating a
solution of carbon and nitrogen within the molten nickel
nanoparticles.”> As carbon and nitrogen continue to deposit,
they eventually form a saturated solution. At this temperature,
as the reaction proceeds over time, the small molten particles
coalesce, forming larger particles through a process similar to
Ostwald ripening.**>> As more N and C vapor deposit on the
small nanoparticles, the precipitation process leads to the
formation of nucleation of ordered carbon frameworks, such as
carbon nanotubes (CNTs)*® or carbon globules,56 depending
on the size of the Ni nanoparticles. The medium size particles,
having dimensions closer to the diameter of the carbon
nanotubes form CNTs, but the bigger and also smaller
nanoparticles form carbon globules with graphitic covering.'”
Interestingly, in the XRD, Raman, and XPS results, we
observed an increased amount of graphitized carbon as we
increased the melamine precursor content from 100 mg for the
Ni—N100 sample to 500 mg for the Ni—NS00 sample,
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although all other experimental conditions are the same during
synthesis. This aspect can be understood, as discussed below. It
is known from the literature that the solubility of nitrogen in
metallic melts decreases as the carbon content in the melt
increases’” and vice versa. This decline in solubility has
significant implications for our samples. The increase in the
content of melamine (the nitrogen precursor) implies that
there will be the presence of nitrogen in the molten nickel
nanoparticles, and this will lead to a decrease in the solubility
limit of carbon in the melt. As the melamine precursor content
for the synthesis of the samples increases from 100 mg for the
Ni—N100 sample to 500 mg for the Ni—NS00 sample, we
expect a gradual decrease in the solubility limit for carbon in
the molten nickel nanoparticles from Ni—N100 to Ni—NS500
sample.”® The decrease in the solubility limit would lead to an
enhanced precipitation of carbon. This precipitated carbon is
graphitized carbon covering the Ni nanoparticles observed in
our samples. As there is enough and higher supply of carbon
and nitrogen vapors to the catalytic Ni-catalyst particles in the
CVD chamber, we expect enhanced precipitation and
formation of more graphitized carbon in the Ni—-N500 sample
as compared to the Ni—N100 sample. During the graphitiza-
tion along with carbon, nitrogen was also included in the
graphitic carbon layer. This results in an increased amount of
N-doping (defects) in the graphitized carbon layer of the
metallic nickel particles from Ni—N100 to the Ni—NS500
samples, as we use a higher amount of melamine. All our
characterization results such as XRD, Raman, XPS, TGA, and
UV vis—DRS support this aspect. This explanation is clearly in
line with the observed enhancement in the amount of
formation of graphitized carbon (and nitrogen) with the
increase in melamine precursor during synthesis of samples.
As there is plenty of overhead supply of carbon and nitrogen
vapors in the CVD reaction chamber, the Ni nanoparticles are
not able to transform all the carbon vapor into the graphitic
carbon, and hence, the extra carbon vapor generally deposits
on the precipitated graphitic carbon as amorphous carbon
deposits.”**>° As the amount of carbon in the precursors
gradually increases from the Ni—N100 sample to the Ni—
NS00 sample (as discussed Section S2 1.3.1 and Table S3), we
expect a higher amount of total carbon content in the Ni—
NS00 sample, in comparison to the other samples. This
observation is supporting the results discussed under TGA that
the weight fraction of carbon in the Ni—N500 sample is higher
than that of Ni-N250 and NiN100 samples (Figure 3b).

3. HYDROGEN EVOLUTION REACTION (HER)

The hydrogen evolution reaction (HER) activity of the
synthesized Ni—NY samples was assessed by using linear
sweep voltammetry (LSV) and electrochemical impedance
spectroscopy (EIS). Through current density measurements
(LSV), we calculated the overpotential and compared active
sites on catalyst surfaces. LSV was also employed to assess the
activation energy barrier from room temperature (RT) to 45
°C. EIS provided insights into the dynamic interaction
between adsorbed species and the catalyst’s surface at different
frequencies. More details on LSV and EIS studies will be
discussed in the coming sections.

3.1. Linear Sweep Voltammetry (LSV) Study. Ni-NY
(Y = 100, 250, and 500) samples were studied for catalytic
activity in the electrochemical HER using N,-saturated
aqueous 1 M KOH solution at 10 mV/s scan rate. According
to the literature survey,”’éo an electrocatalyst can be

considered highly efficient if it achieves a current density (j)
of 10 mA/cm?® at a lower overpotential (17]-). Therefore, to
achieve the best overpotential, various amounts of Ni—NY
catalysts were drop-cast onto a glassy carbon (GC) electrode,
and their influence on the HER current density was examined.
The catalyst loading was optimized for Ni—NS500 and LSV
illustrated in Figure 4a,b. Comparing the polarization curves
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Figure 4. (a) HER—LSV polarization curve recorded on Ni—NS500 at
different mass loadings (0.28, 0.42, 0.56, 0.70, and 0.84 mg/cm?) in
N,-saturated aqueous 1 M KOH solution with a scan rate of 10 mV/s.
(b) Relation between 7 and mass loading. (c) HER—LSV curve
recorded on Ni—NY (Y= 100, 250, and 500) and 40% Pt/C for
comparative study. (d) Tafel plot. (e) The activation energy for HER
at —0.2 V. (f) Chronoamperometry test at an applied overpotential of
50 mV for the stability of Ni—NY (Y = 100, 250, and 500) catalysts.

for different mass loadings, an increase in catalyst loading leads
to a noticeable enhancement in the HER current density,
reaching its maximum value at a mass loading of 0.56 mg/cm”.
We observed that a loading higher or lower than 0.56 mg/ cm®
increased the required overpotential. Figure 4b displays a
correlation plot showing the relationship between over-
potential (@100 mA/cm?®) and electrode mass loading (a
thorough discussion on this aspect is detailed, Section S2 2.1).
The highest current density and lowest overpotential were
observed at a catalyst loading of 0.56 mg/cm? Therefore, this
loading was chosen for subsequent electrochemical studies. In
Figure 4c, it is noticed that at a loading of 0.56 mg/cm?, the
Ni—NS500 sample exhibited an impressive performance with an
overpotential of 45.6 mV at 10 mA/cm? (17,y = 45.6 mV), and
with the same loading Pt/C 40% catalyst revealed 31.4 mV
(10 = 314 mV).

In order to discern the activity predominantly induced by N-
doping, we assessed the LSV of the Ni—C sample (without N-
doping) under identical experimental conditions. Furthermore,
to discern the synergistic effects induced by nickel nano-
particles, we examined both reduced graphene oxide (rGO)
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Figure S. Reaction mechanism for HER kinetics on the outer surface of the catalysts.

and N-doped reduced graphene oxide (N-doped rGO), as
shown in Figure S10. The LSV polarization curves (Figure
S10a) distinctly illustrate that to achieve a current density of 10
mA/cm?, rGO displays an overpotential of 1140 mV, which is
reduced to 831 mV by N-doping (N-doped rGO): a significant
improvement. Further improvement in overpotential is
observed for the Ni—C sample, resulting in a reduced value
of 480 mV. This overpotential of the Ni—C sample was further
observed to be reduced by using varying concentrations of
nitrogen dopant, ie, Ni—NY samples. Consequently, the
nickel nanoparticle-embedded carbon framework with the
increased amount of nitrogen doping demonstrates a reduced
overpotential compared to rGO, N-doped rGO, and Ni—C
samples. It is noteworthy that Ni—NS00 demonstrated
superior cathodic current density and exhibited the lowest
overpotential compared to Ni—N100 (17, = 152.7 mV) and
Ni—N250 (7,0 = 91.1 mV) samples, as can be seen clearly in
zoomed view of inset of Figure 4c. Table S6 compares the
overpotential of Ni—NY samples and those of previously
reported nickel-based electrocatalysts. Clearly, our sample
requires a much lower overpotential than other reported ones,
signifying the superiority of our samples.

Earlier, it was observed that the Pt electrode dissolves from
the counter electrode to the acidic electrolytic medium and
deposits on the working electrode, thereby leading to a better
catalytic performance. Although, we have used basic medium,
to avoid any kind of ambiguity on the dissolution of Pt in the
electrolyte, and affecting the electrocatalytic activity, we
repeated the LSV measurements using a graphite rod as the
counter electrode and presented the results in Figure S11. The
results indicate that the overpotential was found to be shifted
merely 2.7 mV higher for Ni—=NY samples and 3.4 mV higher
for Pt/C, which is insignificant. Thus, the excellent perform-
ance of our samples is attributed to their intrinsic properties,
which are unaffected by any dissolution of Pt." Studies show
that the active electrochemical surface area (ECSA) is directly
proportional to the number of active centers in an electro-
catalyst.”” To determine this, cyclic voltammetry curves were
recorded at different scans (Figure S12a—d) to estimate the
double-layer capacitance (Cq) (Figure S12e). The ECSA was
then calculated by dividing the obtained Cg by the specific
capacitance (0.04 mF/ cm?).>%7% The evaluated ECSA
(Figure S12f) shows that Ni—NCS500 has the highest number
of active centers accessible for the hydrogen evolution reaction
at 136.9 cm?, significantly more than Ni—N100 (20 cm?®) and
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Ni—N250 (70.4 cm?), while Pt/C has 248.1 cm? To validate
the current density observed by LSV curves, rather than
continuously recording the current, we sampled the current for
10 s at the applied potential values of —10, —20, —30, —40,
—50, —60, and —70 mV (Figure S13). The results indicate that
at each applied potential, the current remains constant over
time and follows a pattern similar to the LSV results.

3.1.1. Explanation of Interfacial Electrode—Electrolyte
Interaction for HER. To acquire crucial insights into the
interaction between the electrode and the electrolyte, we
depicted a schematic representation (Figure S) of the various
stages occurring during the linear sweep voltammetry experi-
ment. As depicted in Figure 4c, the potential was initiated at
+0.1 V versus the reversible hydrogen electrode (RHE), where
the surface experienced the adsorption of OH™ ions due to
electrostatic forces. The OH™ ions were desorbed from the
surface as the potential gradually decreased below 0.0 V
(negative potential). Consequently, hydrogen evolution
occurred because of water (H,0O) splitting at the surface. It
should be noted that there is a possibility of K* ions adhering
to the electrode surface at negative potentials. However, due to
steric hindrance from water molecules, the K' ions are
prevented from adhering to the working electrode surface.
Moreover, the reduction potential of K* is sufficiently high
(—2.92 V), preventing its reduction. In the overall process, the
following steps are involved in the reaction:

Step-1 (initial condition). No potential is applied yet;
hence, all of the ions (K", OH™, and H,0) are homogeneously
distributed throughout the solution.

Step-2 (adsorption of H,0). As the potential gradually
decreases, the surface of the catalysts adsorbs H,O while
simultaneously pushing out OH™ ions. This adsorption of H,O
primarily occurs at the carbon sites adjacent to the doped
nitrogen atoms, which are more electron dense in nature. This
process is illustrated in Figure 5, specifically depicted as step 2.

Step-3 (removal of OH™ ions from H,0). Following the
adsorption of H,O, as the applied negative potential increases,
some of the H atoms in contact with the C atoms of the
catalyst split out from oxygen (of H,0) and remain as
adsorbed hydrogen (H,4). The process of the generation of
H., 4, is facilitated by the electric field at the C atom along with
the energetics of neighboring doped atoms. This step of the
reaction is commonly known as the Volmer step and is
represented by the following equation, where “S” indicates the
active center (especially C next to the N atom):

S + H,0 + ¢ - S-H_; +OH (Volmer step)

This process of adsorption of primary hydrogen (H,4)
occurs probabilistically equally at all of the active C sites
simultaneously. Additionally, there is a possibility for the
adsorption of hydrogen from adjacent H,O molecules onto the
adsorbed hydrogen atoms. However, this secondary process is
less likely compared to the primary adsorption discussed in
step 3.

Step-4. Gradually decreasing the potential, the adsorbed
hydrogen atoms (which had been favorably adsorbed from
H,0) become unstable and start detaching from the surface.
This detachment brings two nearby hydrogen atoms closer and
forms the gaseous hydrogen, which leaves out the surface. This
step of the reaction is known as the Tafel step.

S_Hads +S_Hads - S+ H2 T (Tafel step)

Step-S. In case where adhesion is strong, direct detachment
of hydrogen, as observed in step 4, may not occur. Instead, the
HER can use a higher energy pathway. This variation arises
from the varying strength of the hydrogen adsorption on
different materials (electrodes). As the applied potential
decreases, H,O molecules gracefully align themselves toward
the electrode, finding solace in the embrace of adsorbed
hydrogen.

Consequently, the electrostatic force between H 4, and the
oriented H,O molecule intensifies with diminishing potential.
The force is strong enough that we guess that the hydrogen
from H,O breaks at a faster rate than that of surface-to-
adsorbed hydrogen (H,q4,). These two hydrogen entities, H, 4,
and H (from H,0), get closer and generate molecular or
gaseous hydrogen, which gracefully departs from the catalyst’s
surface. This remarkable stage of the reaction is known as the

Heyrovsky step.
S-H,4; +H,0 + ¢ —» S + H, 1 +OH (Heyrovsky step)

3.1.2. Tafel Plot Analysis. The Tafel plot reveals
mechanistic insights into electrode kinetics by plotting log J
vs potential, utilizing the equation 1 = b log J + a, where “b”
represents the Tafel slope, and “a” represents the intercepts.
Tafel slopes, b = 2.303 RT/aF and a = 2.303RT/aF logJ,
where ], represents the current exchange density, F represents
the Faraday constant, R represents the gas constant, T
represents the temperature, and o denotes the charge transfer
coefficient. The obtained Tafel slope is associated with the
rate-limiting step for HER. Volmer, Heyrovsky, and Tafel
reaction steps correspond to Tafel slopes of 120, 40, and 30
mV/dec, respectively.”® The Tafel slope value for Ni—NS00
obtained 43 mV/dec at a lower overpotential correlates with
many active sites available over Ni—N100 and Ni—N250 for
102 and 64 mV/dec, respectively, as shown in Table 1. The

Table 1. Overpotentials, Tafel Slopes, and Current
Exchange Densities Were Obtained for Ni—NY (Y= 100,
250, and 500) Catalysts and the Reference, Pt/C 40%
Catalyst, as Extracted from Figure 4

electrocatalysts 710 macm (mV)  Tafel slope (mV dec™)  Jo(mAcm ™)

Ni—N100 152.7 102 0.281
Ni—N250 91.1 64 0.363
Ni—NS00 45.6 43 0.501
Pt/C 40% 31.4 28 0.691

Tafel slope values for these configurations are markedly lower
than those for rGO, N-doped rGO, and Ni—C samples, which
are 701, 638, and 127 mV/dec, respectively, as shown in Figure
S10b. As a result, all Tafel slopes obtained on Ni—NY (Y= 100,
250, and 500) fall in the 40—120 mV/dec range, representing
the HER mechanism is followed by Volmer—Heyrovsky
pathways, and the rate-limiting step is governed by the
Heyrovsky step.””®® Extrapolating the slopes on the x-axis
allows for the extraction of another parameter known as the
exchange current density, which plays a significant role in the
catalytic performance. This suggests that as the exchange
current density increases, the charge transfer kinetics
increases.””’" From the overhead viewpoint, Ni—NS500
shows the superior J, (0.501 mA/cm?) as compared to Ni—
N100 (J, = 0.281 mA/cm?) and Ni—N250 (J,= 0.363 mA/
cm?), generating the molecular (or gaseous) hydrogen and
exiting the surface of catalysts quickly. The exchange current
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Figure 6. (a), (b), and (c) show the Nyquist, Bode magnitude, and Bode phase plots for the Ni—N100 sample, respectively. (d), (e), and (f) show
Nyquist, Bode magnitude, and Bode phase plots for Ni—N250 sample, respectively. (g), (h), and (i) show the Nyquist, Bode magnitude, and Bode

phase plots for the Ni—NS500 sample, respectively.

density values surpass those of rGO, N-doped rGO, and Ni—C
samples, measuring 0.134, 0.191, and 0.234 mA/cm?,
respectively.

Nitrogen insertion replaces C atoms with N atoms, gradually
breaking the lattice structure and creating C vacancies. Further,
the increased N content again stimulates the departure of C
atoms in the framework.”" The loss of C atoms creates defect
sites, increasing the porosity and surface area. The induced
nitrogen in C matrix changes in bond lengths alter electron
density at neighborin% carbon atoms, creating energetic
electrochemical centers.”” Overall, the deficiency of C atoms
and N insertion reduces the H,O adsorption energy, which
further decreases with higher N content. The high I, /1 ratio
and large fwhm of C 1s (Figure S7b) indicate that the defects
are mainly concentrated in the graphitic carbon plane for the
Ni—N500 sample. These defects create a larger surface area,
make more active sites for the electrochemical reactions to
occur, and provide improved accessibility for water molecules
to reach the active sites on the surface.”® Therefore, the Ni—
NS00 sample with a higher defect concentration exhibits a
greater specific surface area (246.9 m? g_l) and pore size
(5.365 nm) and shows reduced overpotential.

The knowledge of activation energy (E,) is crucial for
understanding a catalyst, as it provides insights into the
reaction mechanism and the energy barriers involved.”* The
evaluation of the temperature dependence rate of the reaction
allowed for the determination of the activation energy (further
details are discussed in detail, Section S2 2.2 and Figure S14).
The Ni—NS500 catalyst shows the lowest activation energy (E,)
of 36.8 meV at —0.100 V vs RHE, indicating faster kinetics
compared to Ni—N100 (53.3 meV) and Ni—N250 (47.7
meV), as displayed in Figure 4e. The nitrogen-doped carbon

heterostructure altered electron delocalization and improved
the surface energy. Subsequent improvement is made by
wrapping on nickel nanoparticles, which changes the physical
and chemical properties through a synergistic effect.”” The
altered surface energy facilitates the adsorption of H,O on
active sites, thereby promoting the HER. The stability of the
catalysts holds immense significance. The long-term perform-
ance and durability of the catalysts directly impact their
practical applicability and prevent degradation or surface
restructuring. The chronoamperometry measurement was
performed at an overpotential of S0 mV on the Ni—NY (Y
= 100, 250, and 500) catalyst, as illustrated in Figure 4f. The
Ni—N100 sample exhibited a stability decrease of approx-
imately 30%, whereas both the Ni—N250 and Ni—NS500
samples showed negligible stability decline over the course of
24 h. To validate the durability of the catalysts, the LSV
polarization curves were recorded for multiple cycles.
Specifically, the 10th and 2000th cycles were examined for
each catalyst (Figure S15a-c). The results indicate that all
catalysts exhibited a relatively small decrease in current density
of approximately ~6—8% after 2000 cycles. These findings
suggest that the Ni—N500 catalyst exhibits better stability over
multiple cycles in the HER process compared to the Ni—=N100
and Ni—N250 catalysts.

3.2. Electrochemical Impedance (EIS) Analysis. EIS is a
critical technique for investigating the property of the samples
used on the electrode. Impedance, comprising resistance and
capacitance, controls the current flow in a circuit. Plotting
impedance against frequency (10 mHz — 1 MHz) reveals
frequency-dependent variations. The response of ions with the
applied frequency of impedance helps us to obtain the
characteristic parameters at the interface of an electrochemical
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system. At the interface, the Nyquist plot of the impedance
consists of a real part Z' (w) and imaginary part Z” (), while
the Bode plot consists of the absolute impedance (IZI) or
phase angle plotted as a function of frequency. The
comprehensive study is outlined below.

3.2.1. EIS at Different Applied Potentials. The voltage at
the electrode—electrolyte interface has a profound effect on
charge dynamics. The EIS measurement is employed at various
HER potential ranges to acquire a better understanding of the
activity on Ni—NY samples (Figure 6). Figure 6a depicts a
Nyquist plot recorded on catalyst Ni—N100 at potentials of
—30, —80, —105, —130, —180, —230, and —280 mV,
respectively, with a sinusoidal amplitude of S mV. The
intermediate frequency range is associated with the Volmer
step for hydrogen adsorption. In contrast, the high frequency
(HF) region reflects the porosity and charge transfer resistance
(R.,), whereas the low frequency (LF) region corresponds to
mass transfer.”””” The spectrum shows the linear behavior (at
—30 mV) mainly due to a double layer of nearly pure
capacitance, and deviation begins because the rate of
adsorption of H,O varies with the applied potential. Increasing
potential (negative direction) reduces semicircle diameter in
LF, while HF radius decrease enhances hydrogen production.
The LF region is strongly dependent on potential; as it rises,
the charged species and electron migration facilitate the
kinetics at the interface and increase the reaction rate.””
Comparing all the synthesized samples with increasing N
content, we observed a decrease in the diameter of the
semicircle (Figure 6a,d, and g) at all the applied potentials.
The Ni—NS500 sample contains a larger specific surface area,
high pore volume, and a huge amount of defects. Therefore (in
the LF region), it easily allows water molecules to diffuse inside
the pores and to generate the charged species (OH™ ions).
Nanocrystallites with porous structures and large surface areas
enhance electrocatalytic activity, resulting in greater hydrogen
evolution compared to smooth electrodes.

Figure 6b,e, and h show the Bode magnitude plots for Ni—
N100, Ni—=N250, and Ni—NS500 samples, respectively. In the
LF region, one could notice that the magnitude of impedance
(1Zl,,,,) is the highest (at —30 mV) for all of the samples. This
may be due to the ions in the electrolyte, and the ions
generated due to the splitting of H,O molecules on the
electrode surface are inhibited from diffusing further inside the
electrode material. Thus, the response (lZlimp) of the ions is
highly influenced by diffusion in the material. This is due to the
ions following the applied oscillating field and favor diffusion
into the electrode material, as described in the IZI;,,
formulation(Section S2 2.3). Increasing the negative potential
(from —30 mV to —280 mV) causes impedance values to
decrease and curves to flatten in the LF region. With higher
negative potential, even strongly adhered ions on the electrode
surface start responding. Hence, the |ZI,,, decreases with
increasing negative potential. Simultaneously, the diffusional
motions of the ions gradually increase, but the ions respond to
a broad range of oscillating frequencies, which flattens/
broadens the IZI,,, over this range of frequencies (further
detailed information is available in Supporting Information,
Section S2 2.4a). Any particular sample at a fixed applied
potential may recognize three critical regions of |Zl;,,. They
are (i) a flat region followed by a sharp decrease of IZl,,,, in the
LF region, (ii) A nearly flat region in the intermediate
frequencies, and (iii) a gradual decrease of |ZI;,, in the HF

region. All Ni—NY samples in the LF region clearly observed

an initial flat region, followed by a sharp decrease in |Zl;,, with
respect to the frequency. To understand the origin of the initial
flat region, we consider the expression for the magnitude of

impedance as shown in eq 1:”’
1
\Zly = NZZ¥ = R + o JR + X2
0]

where all the symbols have their usual meaning. The
observation of an almost constant |Zl;,, over a range of
frequencies implies that the terms in this equation, i.e., the
resistance (R) and the capacitive reactance (1/wC), must be
constant. In general, the value of R for any sample is constant
(at a specific temperature). Hence, to attain a constant value of
IZl,p, the capacitance must decrease continuously for a
continuous increase in the frequency. The OH™ ions generated
through the breakdown of H,O commence diffusional motion
at a particular applied voltage (further details are provided in
Supporting Information, Section S2 2.4b). Here, the
interesting observation is that the frequency range of the
initial flat region increases with an increase in applied potential.
Specifically, the Ni—N100 sample, characterized by smaller
pores, exhibits a flat IZIl;,, nature across a broad frequency
range (Figure 6b), contrasting with the Ni—N250 and Ni—
NS00 samples, which possess larger pores, as depicted in
Figure 6e,h, respectively. As it may be expected that the ions in
the pores of higher pore size (diameter) can move quickly
against steric hindrance, the capacitance diminishes sharply,
and |Zl;,,, decreases faster in a short frequency range.
Therefore, the slope of IZl,, for the Ni—N100 sample
decreases more slowly than that for Ni—N250 and Ni—N250
samples with frequency. This can be due to the capacitance
growing slowly (further details are provided in Supporting
Information, Section 2.2.4c).

All Ni—NY samples in the intermediate frequency range
(from 10 Hz to 0.1 MHz) have an almost flat nature of Zl, -
For a nearly constant value of |Zl;,,;, the capacitance term must
constantly decrease as the frequency increases (eq 1). The
following concept can be used to visualize the dynamics of
ions. With increasing frequency, the amplitude of OH™ ion
oscillation gradually decreases, limiting its diffusion within the
electrode material. This could be because the velocity of the
ions is slower than the fluctuation of the oscillating applied
voltage. As a result, a slow reduction was observed in 1Zl;y,,.
When comparing the |Zl;,, across all Ni—-NY samples, it is
obvious that the frequency range exhibiting this intermediate
zone of gradual reduction in IZl,, is closely related to the
amount and size of pores present in the samples (Figure 3d).
Filipe et al.*’ investigated the charging dynamics inside
arbitrary-sized cylindrical pores, demonstrating that the charge
stored per unit volume of the pore (volumetric capacitance)
diminishes as relative pore size increases (further aspects are
discussed in Supporting Information, Section S2 2.4d). As
previously stated, the Ni—N500 sample has the greatest pore
volume for all pore sizes among the as-synthesized samples.
Many larger-sized pores contribute to higher effective
capacitance, resulting in higher IZl;;,, for the sample.
Simultaneously, as the mean pore size increases for the Ni—
NS00 sample, the corresponding capacitance decreases, while
the IZl;,, increases (Figure 6be, and h).

Beyond 0.1 MHz, i.e,, log f > 5, all Ni—NY samples exhibit a
progressive decrease in |Zl;,,. This could be ascribed to a
decrease in the OH™ ion oscillation amplitude. The amplitude

(1)
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of the oscillation appears to be so modest that the ions oscillate
at their positions without disrupting the neighboring ions. As a
result, the impedance aggressively drops, as measured with
instrumental restrictions of up to 1.0 MHz.

From the concept of AC theory, in the case of an ideal
capacitor, the response current lags the applied voltage by 90°
in phase. The Bode phase plot for Ni—NY samples recorded at
different potentials of —30, —80, —105, —130, —180, —230,
and —280 mV is shown in Figure 6¢,f, and i for Ni—=N100, Ni—
N250, and Ni—NS00 samples, respectively. A phase lag
(negative phase) was observed, indicating that carbonaceous
substances are electrically insulating in nature. The Ni—N100
sample exhibits phase lag of —48° at 10 mHz (log f = —2) for
the applied voltage of —30 mV (Figure 6¢). As previously
noted, the electrolyte species are partially permeated
(diffusion) into the carbonaceous electrode, which becomes
adsorbed there. Because of this adsorption, the motion of the
charged species is hindered, and they do not follow the field,
resulting in a phase lag of —48° at 10 mHz. However, as the
applied potential gradually increases toward a value of —280
mV, the adsorption strength (between the ions and the active
carbon centers) decreases, and the mobility of the electrolyte
species increases. This allows a gradual decrease in phase
lagging in the very LF region (log f = —2), which is displayed
in Figure 6fi), as will be discussed later. The increasing
frequency of the oscillating field leads to a gradual phase lag of
ions generated in the sample’s pores due to electrostatic force
and steric hindrance. This increases the phase difference
between the oscillating potential and current-generating
species. A maximum phase difference of —77° for the Ni—
N100 sample is observed at a frequency of 1.3 Hz for an
applied potential of —30 mV. The porous nature of the
samples, with its distribution of electrostatic forces and steric
hindrances, may limit the maximum phase difference. Pores
and surface features enable diffusive ion motion based on pore
size (further information is discussed in detail in Supporting
Information, Section S2 2.4e).

As the potential amplitude gradually increases from —30 to
—280 mV, the generation of ions, especially OH™ ions,
increases due to the catalytic process at active sites. However,
the ion generation rate and response vary with the oscillating
potential. In the presence of rising frequency, the oscillating
OH" ions obstruct the creation of new charges, resulting in an
increasing phase difference ranging from ~0° to ~—90°
(further details are discussed in Supporting Information,
Section S2 2.4f). The phase lag rapidly diminishes and reaches
zero as the frequency increases beyond 1.3 Hz. This behavior is
expected due to the contact period (interaction time) between
ions and oscillating potential diminishes. The sample’s pore
volume and size determine the phase lag. The electrode
material exhibits an opposing polarization oscillation at higher
frequencies, resulting in a rapid phase drop to ~—180°. This
behavior is consistent with prior observations and emphasizes
the complicated dynamics of ion response to different
frequencies and polarization® (further details are provided in
Supporting Information, Section S2.2.4g).

A comparison of the Bode phase plots at fixed frequencies
and potentials reveals a drop in phase from Ni—N100 to Ni—
NS00 samples (Figure 6¢f, and i). The observed reduction in
phase could be attributed to the Ni—NS500 sample’s bigger
pore capacity and higher surface area, which allows easier
diffusion with lower obstruction. The maximum phase angle of
the Ni—N500 sample rapidly changes as the voltage increases,

suggesting effective diffusion through the carbon layer toward
the inner carbon layer of the metallic electrode surface. The
Ni—N100 sample has the most remarkable phase difference at
10 kHz with the smallest pore volume, whereas the Ni—N250
sample has the smaller phase due to larger pores. As a result,
the sequence of phase differences at 10 kHz is Ni—-N100 >
Ni—NS500 > Ni—N250 (these aspects are discussed in detail in
Supporting Information, Section S2.2.4h).

3.2.2. Discussion on the EIS Behavior of the Catalysts at a
Fixed Potential. To examine the interfacial activity of the
catalysts, EIS is conducted in a 1 M KOH solution at an
applied potential of —230 mV. The potential (—230 mV) is
chosen such that LSV (Figure 4c) results indicate an efficient
hydrogen evolution reaction. It engaged the equivalent circuit
(Figure 7a) to fit the Nyquist plots (Figure 7b), and the
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Figure 7. (a) Schematic of the Randle equivalent circuit at the
interface, (b) Nyquist plot, (c) Bode magnitude, and (d) Bode phase
plots in the frequency range from 10 mHz to 1 MHz at an applied
potential of —230 mV for Ni—N100, Ni—N250, and Ni—NS500
samples, recorded in the aqueous 1 M KOH solution.

resulting parameters are presented in Table S2. The
connection of elements in the circuit is explained, Section
2.2.5a. The Nyquist plot shows two semicircles representing
different phenomena: the first at a higher frequency signifies
porosity, and the second at a lower frequency represents the
charge transfer mechanism in HER.*"** Two constant phase
elements (Qg and Q,) are used due to the porous
heterostructures electrode. The carbon matrix in our samples
is modified with various nitrogen concentrations (2.3%, 4.5%,
and 7.2% for Ni—N100, Ni—N250, and Ni—NS500, respec-
tively). This modification creates defects and pores in the
carbon network, increasing the surface reactivity of the
electrode. These varying-diameter pores allow charges to
move via different resistance. The kinetic parameters (R, and
R,4) decrease with increasing nitrogen content in the catalyst,
as indicated in the inset of Figure 7b and Table 2. This shows
the depressed semicircle (LF region), which suggests ion
diffusion as the pore size increases in the materials.

Figure 7c shows a comparison of the Bode magnitude plots
(log(1Z1) vs log(f)) of Ni—NY samples reported at a potential
of =230 mV. The Ni—N100 sample exhibits the highest |ZI,,
value in the low-frequency range. As discussed earlier, smaller
pores have more capacity to store the charge (capacitance)
than bigger pores; therefore, larger pores significantly reduce
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Table 2. Electrochemical Impedance Data Recorded on Ni—
NY (Y = 100, 250, and 500) at —230 mV Potential in 1 M
KOH Solution Over the Frequency Range 10 mHz—1 MHz

electrocatalysts R, (Q) Ru(Q) Qu(uQ's"em™)  Quq(mQ's"em™?)

Ni—N100 15.1 1180 209.1 0312
Ni—N250 14.8 152 232.2 7.5
Ni—NS00 12.1 135 586.3 147.3

average impedance. This could explain the reason for the Ni—
N100 sample, which has a greater IZI,,, value at constant
frequency due to fewer bigger pores (Figure 3d). Furthermore,
as the frequency increases, the impedance magnitude gradually
lowers until it achieves a constant value at intermediate
frequencies. This behavior can be explained using eq 1. The
observed differences in impedance drop rates in the samples
are attributed to variations in capacitance, which is related to
pore sizes and distribution (Figure S4). The Ni—N100 sample
exhibits a slower reduction of impedance due to a higher
volume of smaller pores and lower volume of bigger pores
(these aspects are further discussed in detail in Supporting
Information, Section S2 2.5b). In contrast, the Ni—NS500
sample, composed of highly defective graphitic carbon, allows
for easy ion diffusion, resulting in a smoother response over a
narrow impedance range. The ions experience limited physical
motion at higher frequencies and do not respond to the
applied field. These findings suggest the consequence of pore
size and distribution on the impedance behavior throughout
the frequency ranges.

Figure 7d depicts the Bode phase plots for Ni—NY samples
at the applied potential of =230 mV. As the nitrogen content
in the graphitic layer increases, the maxima of the phase angle
shift to lower phase angles at lower frequencies. If the charged
species have enough time in the LF region, the highly porous
(larger pore size) carbonaceous electrode (Ni—NS00 sample,
7.2% N) allows diffusion. In this scenario, the ions nearly
follow the applied potential field and exhibit the minimum
phase angle. In the same fashion, a minimum phase of —24.3°
was observed for the Ni—N500 sample.”'’ The Ni—N100
sample, with a lower nitrogen content, features a densely
packed N-doped graphitic carbon layer that inhibits electron
conduction. This dense structure increases resistance (im-
pedance) due to steric hindrance within smaller pores, thereby
influencing diffusion processes. As a result, large phase
differences of —40° and —60° were reported for Ni—N250
and Ni—N100 samples, respectively.

3.3. Postmortem Analysis of Ni—NY (Y = 100, 250,
and 500) Samples after HER. The exceptional catalytic
performance of Ni—NY samples prompted us to investigate
whether our catalysts retained their properties. We studied the
catalysts using XRD, Raman, SEM, and TEM for this purpose.
The XRD patterns of the Ni—N100, Ni—N250, and Ni—NS500
catalysts before and after the electrochemical studies are
depicted in Figure 8a,b, respectively. The XRD patterns of the
catalysts after electrochemical experiments showed the
development of an additional peak at 19.7°, which could be
attributed to the presence of a trace amount of Ni(OH),. We
observed that, there is an insignificant growth of Ni(OH), in
the alkaline media, which is not able to make any structural
distortion, therefore, the catalysts stay stable and are unaffected
during the LSV measurements, proving their practical stability
of samples. The Raman spectra investigation revealed a
decrease in the intensity and sharpness of the D band in the
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Figure 8. (a) XRD patterns and (c) Raman spectra before
electrocatalysis, while (b) shows XRD patterns and (d) shows
Raman spectra of Ni—NY (Y = 100, 250, and S00) after HER
measurement. (e), (h), and (k) HRTEM images of fresh catalysts for
Ni—N100, Ni—N100, and Ni—N500, respectively (Left Panel). (f),
(i), and (1) Bright-field low-magnification TEM image (Middle
Panel), and (g), (j), and (m) HRTEM images of Ni—N100, Ni—
N100, and Ni—NS500, respectively, after HER catalysis (Right Panel).

catalysts following the HER measurements, indicating reduced
graphitization (Figure 8c,d). Additionally, a higher intensity of
the D3 peak was found using the least-squares fitting of the
Raman spectra, as depicted in Figure S16. The increased
intensity indicates that the catalysts following the HER process
are more amorphous. Furthermore, a slight boost in the
intensity of the D4 peak is caused by the localization of the
electron density in the structure. The entire Raman study
demonstrates that the Ig/I, ratio obtained following HER
examination aligns with earlier findings, implying a consistent
level of graphitization and highlighting the robust nature of the
electrocatalysts.

Similarly, we also investigated electron microscopic analysis
(ie, SEM and TEM). The SEM image (Figure S17)
demonstrates that carbon aggregates increase in size across
all samples following HER testing, yet their shape remains
unchanged. This suggests that all Ni—NY catalysts maintain a
consistent nanostructure shape, as depicted in Figure S17.
Furthermore, the TEM images of Ni—NY catalysts are
displayed in Figure 8e-m. The Ni—NS500 catalyst, reveals a
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similar morphology and retention of the covering of nickel
nanoparticles through graphitic carbon layers, as shown in
Figure 8l,m, respectively. This suggests that the degree of
graphitization remains unaffected over the several cycles (2000
cycles) of LSV. Similarly, the Ni—N100 (Figure 8f,g) and Ni—
N250 catalysts (Figure 8i,j), indicate that these catalysts have
equivalent (after HER examination) properties to the fresh
catalyst. As a result, the overall structural change on our Ni—
NY (Y = 100, 250, and 500) was unaffected by the HER
electrocatalysis measurement. All the studies show behavior
similar to that of the fresh catalyst, confirming that the catalyst
structurally remains unchanged following all the electro-
chemical studies. The results indicate that the catalysts remain
stable with some insignificant structural changes. The stability
is particularly pronounced in the Ni—NS500 catalyst, which
shows no graphitization changes. The findings collectively
suggest that these catalysts are robust and can maintain their
structural integrity under challenging electrochemical con-
ditions, making them suitable for applications in catalysis.

4. CONCLUSION

In summary, we have approached a straightforward synthesis
method for the nickel-embedded nitrogen-doped carbon
matrix Ni-NY (Y = 100, 250, and 500). The experimental
results imply that plentiful amount of electrochemically active
sites are created spatially in tiny pores, particularly optimally in
the Ni—N500 sample. The heterogeneity and defects created
in the structure offer a better accessible and exposed active
center, synchronizing the high catalytic activity and stability of
catalysts via creating a localized electron density at the C atoms
neighboring the N-centers. The HER activity was evidenced by
minimum overpotential (77;9 ma/em” = 45.6 mV), lower Tafel
slope (43 mV/dec), a sharp increase in current density, and
lower activation energy (36.8 meV). The catalysts show good
stability and durability under harsh electrochemical conditions.
Furthermore, EIS is employed to elucidate the dynamics of
charges at the interface under various applied potentials.
Benefiting from the abundance of distributed pores (size and
volume), the movement of charges encounters numerous
resistance levels, thereby leading to alterations in the
impedance (IZl,,,,). The pores of larger size in Ni—NS500
sample contribute significantly to the reduction of average
impedance. This phenomenon could potentially elucidate the
reason behind the smaller |Zl,,, value observed, particularly at
a constant frequency. The overall structure of the catalysts
offers enhanced electrochemically active sites, higher specific
surface areas, and larger pores in the material. The catalyst’s
unique coalescence of nickel nanoparticles and nitrogen-doped
carbon layer enables efficient hydrogen extraction from H,O,
positioning it as a promising replacement to conventional
catalysts reliant on precious metals.
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