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Abstract: Hierarchically graphitic carbon that contained nickel nanoparticles (HGC-Ni (1), (2), and (3))
were prepared by the pyrolysis of three metal complexes as follows: nickel 2,2′-biyridine dichloride,
nickel terephthalate 2,2′-bipyridine, and nickel phenanthroline diaqua sulfate, respectively, in the
presence of anthracene or pyrene. SEM indicated that the structure of the HGC-Ni samples consisted
of nickel nanoparticles with a diameter of 20–500 nm embedded in a thin layer of a hierarchical
graphitic carbon layer. The EDAX of HGC-Ni indicated the presence of nickel, carbon, and nitrogen.
Chlorine, oxygen, and sulfur were present in (1), (2), and (3), respectively, due to the differences in
their complex precursor type. XRD indicated that the nanoparticles consisted of Ni(0) atoms. The
turnover frequency (TOF) for the reduction of p-nitrophenol (PNP) increased for catalysts HGC-Ni
(3), (2), and (1) and were 0.0074, 0.0094, and 0.0098 mg PNP/mg catalyst/min, respectively. The
TOF for the reduction of methyl orange (MO) increased for catalysts (3), (1), and (2) and were 0.0332,
0.0347, and 0.0385 mg MO/mg catalyst/min, respectively. Thus, nickel nano-catalysts (1) and (2)
provided the highest performance compared to the nano-catalysts for the reduction of PNP and
MO, respectively. The first-order rate constant (min−1) of HGC-Ni (3), with respect to the reduction
of PNP, was 0.173 min−1, while the first-order rate constant (min−1) for the reduction of MO by
HGC-Ni (1) was 0.404 min−1. HGC-Ni (3) had the highest number of cycles with respect to PNP
(17.9 cycles) and MO (22.8 cycles). The catalysts were regenerated efficiently. HGC-Ni exhibited
remarkable electrochemical capacitance characteristics in the present study. This material achieved
a notable specific capacitance value of 320.0 F/g when measured at a current density of 2 A/g.
Furthermore, its resilience was highlighted by its ability to maintain approximately 86.8% of its initial
capacitance after being subjected to 2500 charge and discharge cycles. This finding suggests that this
HGC-Ni composite stands out not only for its high capacitive performance but also for its durability,
making it an attractive and potentially economical choice for energy-storage solutions in various
technological applications.

Keywords: nickel–carbon nanocomposites; nickel complex; pyrolysis; 4-nitrophenol; methyl orange;
catalytic reduction; capacitance

1. Introduction

Nitrophenols are used in the drug, dye, paint, pesticide (parathion), food, preservative,
rubber, and explosive industries [1]. Nitrophenols are toxic and nonbiodegradable. Para-
nitrophenol (PNP) causes drowsiness, nausea, eye irritation, and damage to the central
nervous system, liver, and kidneys [2]. Also, because of its carcinogenic effects, PNP is
considered a priority pollutant by the United States Environmental Protection Agency
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(USEPA). Its concentration in water should be limited to less than 10 mg/L [1]. The
other common pollutant found in water is methyl orange (MO). It is commonly used in
laboratories and is also used in the textile (wool and silk), food, drug, paper, tanning,
leather, and chemical industries [3]. Releasing methyl orange into water bodies without
treatment is toxic to living organisms in the water and is a health hazard to humans. MO
pollution can cause skin allergies, skin irritation, and cancer. It can also cause a decrease
in the dissolved oxygen content in water, hinder the photosynthesis of aquatic plants due
to a decrease in the penetration of light, and retard the growth of bacteria [4]. MO can
be toxic to fishes and animals due to its enhanced bioaccumulation caused by metal ion
complexation. Therefore, it is necessary to find a low-cost and efficient technique, such as
catalysis, in order to degrade MO in water [5].

Several methods have been described for removing nitrophenols from contaminated
water, such as biodegradation [6], photocatalytic reduction by reduced graphene oxide
and ZnO composites [2], photocatalytic oxidative degradation by a Mn3O4.CuO nanocom-
posite [7], an iron cathode electro-Fenton system [8], electrochemical degradation [9], and
adsorption by aluminum–MOF-based composites [10]. It has been found that the chemical
reduction of nitrophenols for their removal from polluted water by metal nanoparticles is
the most efficient technique [1,11]. Because of the great importance of the obtained product
para-aminophenol (PAP) as a precursor for the manufacturing of analgesic and antipyretic
drugs, the catalytic reduction mechanisms of 4-nitrophenol (PNP) by gold nanoparticles on
different supports were studied [12]. Thus, there is a great need to convert PNP to PAP via
cheap and efficient methods, such as catalysis by metal nanocomposites. Several methods
have been described for the treatment of methyl orange (MO) in water, including the
following: biological mineralization by Pseudomonas aeruginosa [13], chemical coagula-
tion [14], electrochemical degradation by anodic oxidation on titanium oxide electrodes [15],
adsorption-assisted photocatalytic degradation by imidazole-derived nanoparticles [16],
the photocatalysis of MO by Shiff-based resin on TiO2@SiO2 nanoparticles [17], degradation
using iron nanoparticles [18], and reduction by Ni nanoparticles with cellulose ZnAl/C
hydroxide composites [19]. Thus, nickel nanoparticles with carbon supports (Ni@C) were
found to be efficient for the catalytic degradation of organic pollutants such as methyl
orange [20]. However, because of their high surface area and abundant electroactive nickel
centers, they have also found applications as supercapacitors. Supercapacitors are im-
portant in electronics, transportation, and renewable energy systems. Supercapacitors
stand out due to their swift charge–discharge cycles, longevity, and reliability. However,
their lower energy density compared to batteries limits their application scope [21]. To
address this limitation, we present a nickel–graphitic carbon (HGC-Ni) nanocomposite
in this manuscript, which has emerged as a potent material for enhancing the energy-
storage capabilities of supercapacitors. This work explored the synergistic integration of
pseudo-capacitive nickel with highly conductive graphitic carbon. Nickel provides an
avenue for additional charge-storage mechanisms via its faradaic reactions, thus offering
an increase in energy storage without compromising the intrinsic high-power density of
the carbon matrix. The HGC-Ni nanocomposite was engineered to capitalize on the rapid
electron-transfer capabilities of graphitic carbon and the electroactive sites provided by
nickel nanoparticles, thus presenting an ideal electrochemical profile for supercapacitor
electrodes [22].

In the present study, we focused on preparing novel hierarchical carbon–nickel
nanocomposites (HGC-Ni) from the pyrolysis of nickel complexes with phenanthroline,
2,2′-bipyridine, or 1,4-benzene dicarboxylate ligands and a carbon source (anthracene or
pyrene). Through a refined synthesis route, we ensured a uniform distribution of nickel
within the carbon framework, achieving a balance that enhanced the overall catalytic
and electrochemical performances. The structural and morphological properties of the
HGC-Ni nanocomposite were characterized using advanced techniques, confirming the
formation of a robust and conductive network. Electrochemical evaluations, including
cyclic voltammetry and galvanostatic charge–discharge analyses, illustrated a marked
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improvement in the capacitance and energy density, reaffirming the composite’s superi-
ority over traditional carbon-based materials. The practical implications of our findings
are significant, offering a scalable and economically viable route for the development of
high-performance supercapacitors [23]. The HGC-Ni nanocomposite not only stands as a
promising electrode material for advanced supercapacitors but also sets a precedent for the
development of next-generation energy-storage devices that could meet the demands of
high-energy and high-power applications. In summary, the development of the HGC-Ni
composite material detailed herein provides a comprehensive insight into the enhancement
of supercapacitor energy densities, marking a step forward in addressing the pressing
needs of the energy-storage industry.

2. Result and Discussion
2.1. Preparation of Hierarchical Graphitic Carbon–Nickel Nanocomposites

The metal complexes were prepared according to the description in the experimental
section. They were then pyrolyzed with an aromatic carbon source, anthracene or pyrene,
at 300 ◦C for 2 h (intermediate stage) and at 850 ◦C for 15 h to afford hierarchical graphitic
carbon 3D structures containing the nickel nanoparticles HGC-Ni (1), HGC-Ni (2), and
HGC-Ni (3). During the intermediate stage, the metal complexes were pyrolyzed at 300 ◦C
and transformed into nickel nanoparticles, which acted as catalysts for the subsequent
preparation of graphitic carbon–nickel nanocomposites at higher temperatures [24].

2.2. Characterization of Nanomaterials
2.2.1. Scanning Electron Microscopy (SEM)

The surface morphology (roughness, homogeneity, and shape) of the metal graphitic
carbon nanostructures HGC-Ni (1), HGC-Ni (2), and HGC-Ni (3) were presented in the
SEM micrographs, Figure 1a–c, respectively. The high magnification provided a better
exploration of the surface structure [24,25].

The SEM image of HGC-Ni (1) (Figure 1a) revealed the presence of some nickel
nanoparticles (white color spheres). Their diameters ranged from 103 to 260 nm, and
they were coated with thin 3D hierarchical graphitic layers. The graphitic layers were
interconnected and extended to encapsulate other nickel nanoparticles. The same structural
description was also present in HGC-Ni (2) and HGC-Ni (3), Figure 1b,c, respectively.
However, because of the agglomeration in HGC-Ni (2), the nickel nanoparticles were of
larger size. Their diameters ranged from 340 to 650 nm; Figure 1b. The particles’ diameters
for HGC-Ni (3) were mainly from 59 to 288 nm; Figure 1c.

2.2.2. SEM-EDAX and Mapping

The energy-dispersive X-ray spectroscopy EDAX of the three samples revealed a high
percentage of nickel (an active catalytic constituent), % Nickel = 46.74%, 59.35%, and 32.36%
for HGC-Ni (1), HGC-Ni (2), and HGC-Ni (3), respectively; Figure S1. Aside from that, the
% of carbon was 50.40% for (1), 8.43% for (2), and 50.33% for (3). It was found that (2) con-
tained the highest oxygen percentage (28.52%). This is related to the high oxygen content
in the complex precursor [Ni(tpht)(2,2′-bipy)].4H2O, which contained the terephthalate
ligand. Meanwhile, the % of oxygen is only 1.93% and 2.91% for (1) and (3), respectively.
It was also noted that sulfur (14.40%) is contained only in sample (3) due to the pres-
ence of the sulfate counter anion in the complex precursor [Ni(phen)2(H2O)2]SO4.5.6H2O.
On the other hand, chlorine was present as 0.93% in (1) due to its precursor complex
Ni(2,2′-bipyridine)Cl2.H2O, which contained chloride ligands. Also, nitrogen was ob-
served in (2) as 3.70%.
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Figure 1. Scanning electron microscopy (SEM) figures for (a) HGC-Ni (1), (b) HGC-Ni (2), and
(c) HGC-Ni (3).

The concentrated regions due to carbon and nickel elements in the SEM-EDAX map-
ping are shown in Figure 2a–c for HGC-Ni (1), (2), and (3), respectively. The EDAX mapping
seen in Figure 2a of HGC-Ni (1) showed an almost equal distribution of the red carbon
zone and blue nickel zone in the two small particles, in parallel with the obtained EDAX
results % C = 50.40% and % Ni = 46.74%. It is obvious from the Figure 2b mapping that the
nickel red zone is dominating over the blue carbon zone. This result is in parallel with the
EDAX result % Ni = 59.35% and % C = 8.43%. On the other hand, the purple carbon zone
(% C = 50.33%) exceeded the orange nickel zone (Ni = 32.36%) in HGC-Ni (3); Figure 2c.
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Figure 2. SEM-EDAX mapping of (a) HGC-Ni (1), (b) HGC-Ni (2), and (c) HGC-Ni (3) showed carbon
and nickel distributions.

2.2.3. Powder X-ray Diffraction Analysis of the Nickel Nanocomposites

The crystalline nature of the nickel nanocomposites HGC-Ni (1), (2), and (3) were
examined using the powder X-ray diffraction technique; Figure 3. The powder X-ray
diffraction of samples HGC-Ni (1), (2), and (3) showed sharp, strong peaks at 44.5, 51.9,
and 76.4, corresponding to the (111), (200), and (220) planes of Ni (JCPDS 04-004-6756) [26].
Crystal system: cubic; space group: Fm-3m; space group number: 225; a (Å): 3.5238;
b (Å): 3.5238; c (Å): 3.5238; alpha (◦): 90.0000; beta (◦): 90.0000; gamma (◦): 90.0000; volume
of cell (106 pm3): 43.76. Additional peaks in the weak diffraction peaks appeared at
49.6 and 55.3 in the HGC-Ni (3) sample. They are attributed to the diffractions from the
nickel nanocarbon particles, which were more evident than in the other samples HGC-Ni
(1) and (2).
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Figure 3. Powder X-ray diffraction analyses of HGC-Ni (1), (2), and (3) showed peaks 44.5, 51.9, and
76.4, corresponding to the (111), (200), and (220) planes of Ni (JCPDS 04-004-6756).

2.3. Catalytic Study
2.3.1. Determination of Catalytic Activity of HGC-Ni Nano-Catalyst for Hydrogenation of
PNP and MO

The catalytic reduction reactions of PNP and MO pollutants by nano-catalysts HGC-Ni
(1), (2), and (3) were followed by measuring the UV–visible absorption spectra of pollutants
in the presence of NaBH4 and nano-catalysts in water, in the range of 200–600 nm at
different time intervals. Sodium borohydride was used as the reducing agent that the
hydrogen molecules needed for the reduction by the nano-catalysts. It was noted that the
reduction reaction proceeded very fast compared to when not using a nano-catalyst [27,28].

The UV–visible spectrum of PNP in the presence of nano-catalysts showed λmax
peaks at 227 nm and 317 nm. But when NaBH4 was added, the λmax peak at 317 nm
was shifted to 400 nm due to the formation of the para-nitrophenolate anion. As the
reduction reaction proceeded, the peak at 400 nm decreased, and the two new peaks at
λmax 235 nm and 300 nm increased in intensity due to the formation of a less toxic reaction
product, p-aminophenol (PAP). Figure 4a–f refers to the reaction progress by the UV–visible
absorption and the first-order kinetic plot for a representative cycle number 3 for each of
the nano-catalysts (1), (2), and (3), respectively [29].
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Figure 4. Catalytic reduction activity: Progress of reaction by UV–visible spectroscopy and kinetic
rate of reaction of PNP with NaBH4 at cycle (3) with (a,b) HGC-Ni (1), (c,d) HGC-Ni (2), and
(e,f) HGC-Ni (3) nano-catalysts.

Similarly, the UV–visible spectrum of MO in the presence of nano-catalysts HGC-Ni
(1), (2), and (3) showed peaks with the λmax equal to 272 nm and 467 nm. The addition
of NaBH4 to the mixture did not affect the UV–visible spectrum. But when the reduction
reaction proceeded, the peaks at 467 nm decreased, and a new peak at 253 nm increased
dramatically due to the formation of N,N-dimethyl-p-phenylenediamine and sulfanilic acid
products. Figure 5a–f refers to the reaction progress by UV–visible absorption spectroscopy
and the first-order kinetic plots for representative cycle 6 for nano-catalysts (1), (2), and
(3), respectively.
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nano-catalysts.

The reduction reaction was monitored by measuring the UV–visible spectra till the
complete disappearance of the added pollutant MO molecules (100% conversion); this
was counted as cycle number 1. Then, a new cycle was repeated by adding only the same
amount of pollutant, and so on, till the complete poisoning of the nano-catalysts. The
achieved number of cycles obtained for the reduction of PNP were 7.6, 4.6, and 17.9 cycles
for nano-catalysts (1), (2), and (3), respectively; Table 1 and Table S1, Figure S2. The
total number of reduction cycles was 13.9, 18.8, and 22.8 cycles, respectively; Table 2 and
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Table S2, Figure S3. This indicated that nano-catalyst (3), which contained sulfur, achieved
the greatest number of cycles for the reduction of PNP and MO.

Table 1. Catalytic activity: number of cycles, TON, TOF, and kinetic rate constants of different
nano-catalysts for the reduction of PNP in presence of NaBH4 with HGC-Ni (1), HGC-Ni (2), and
HGC-Ni (3), respectively.

Sample
PNP
mL

(mg)

No. of
Cycles

Duration
of All Cycles

(min)

First-Order Rate
Constant k min−1

(R2)

TON mg
PNP/mg Nano

(mmol PNP/mg
Nano)

TOF mg PNP/mg
Nano)/min

(mmol PNP/mg
Nano)/min)

HGC-Ni (1) 0.8
(0.224)

7.63
cycles 109 min 0.141

(0.97)
1.0682

(0.0077)
0.0098

(7.045 × 10−5)

HGC-Ni (2) 0.5
(0.14)

4.58
cycles 68 min 0.104

(0.871)
0.6412

(0.0046)
0.0094

(6.778 × 10−5)

HGC-Ni (3) 1.8
(0.504)

17.9
cycles 325 min 0.173

(0.98)
2.4100
(0.017)

0.0074
(5.33 × 10−5)

Table 2. Catalytic activity: number of cycles, TON, TOF, and kinetic rate constants of different
nano-catalysts for the reduction of MO in presence of NaBH4 with HGC-Ni (1), HGC-Ni (2), and
HGC-Ni (3).

Sample
MO
mL

(mg)

No. of
Cycles

Duration
of All Cycles

(min)

Rate Constant k
min−1

(R2)

TON mg
MO/mg Nano

(mmol MO/mg
nano)

TOF mg MO/mg
Nano)/min

(mmol MO/mg
Nano)/min)

HGC-Ni (1) 0.7
(0.896)

13.9
cycles 128 min 0.404

(0.956)
4.448

(0.0134)
0.0347

(1.0616 × 10−4)

HGC-Ni (2) 0.95
(1.23)

18.8
cycles 148 min 0.365

(0.945)
5.6928

(0.0174)
0.0385

(1.175 × 10−4)

HGC-Ni (3) 1.15
(1.47)

22.8
cycles 220 min 0.363

(0.934)
7.3024

(0.0223)
0.0332

(1.014 × 10−4)

The catalytic efficiency was also evaluated by the determination of the average first-
order rate constant values, which are listed in Table 1 for PNP and Table 2 for MO. The
absorption of the peak at λmax 400 nm decreased with time for PNP until reaching zero,
and the duration of the third cycle was 10, 12, and 5 min for nano-catalysts (1), (2), and
(3), respectively; Figure 4. Meanwhile, for the MO reduction, the absorbance at 467 nm
decreased in value with time till reaching a value of zero. The duration of the third cycle
was 7, 3, and 3 min for nano-catalysts (1), (2), and (3); Figure 5. The first-order rate constants
were calculated from the slopes of the plots of ln(A/A0) versus time t (min); Figures 4 and 5
for PNP and MO, respectively. Where A is the absorbance at time t at λmax 400 nm (PNP)
and 467 nm (MO), and A0 is the absorbance at time zero. The rate constants were calculated
for all the completed cycles (Tables S1 and S2, Figures S2 and S3) for PNP and MO, and the
average value for each nano-catalyst was computed and presented in Table 1 for PNP and
Table 2 for MO. It was found that the average rate constants followed this increasing order
for the reduction of PNP: 0.104, 0.141, and 0.173 min−1 for nano-catalysts (2), (1), and (3),
respectively. Also, the average rate constants followed this increasing order with respect to
MO: 0.363, 0.365, and 0.404 min−1 for nano-catalysts (3), (2), and (1), respectively.

The catalytic activity for the reduction of pollutants was also compared in terms of the
computed turnover number (TON) and turnover frequency (TOF), Tables 1, 2, S1 and S2.
The TON for the reduction of PNP increased for the catalysts according to (2) < (1) < (3);
0.641, 1.068, and 2.410 mg PNP/mg catalyst, respectively. Meanwhile, the TON order for
the catalysts with respect to the reduction of MO was (1) < (2) < (3); 4.448, 5.693, and 7.302
mg MO/mg catalyst, respectively. Thus, the nickel nano-catalyst (3) provided the highest
conversion yield compared to the other two nano-catalysts for both the PNP and MO
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reduction. However, the turnover frequency (TOF) for the reduction of p-nitrophenol PNP
increased in the following order for the catalysts (3), (2), and (1): 0.0074, 0.0094, and 0.0098
(mg PNP/mg catalyst/min), respectively. Meanwhile, the TOF of the reduction of methyl
orange (MO) increased in the following order for the catalysts (3), (1), and (2): 0.0332, 0.0347,
and 0.0385 (mg MO/mg catalyst/min), respectively. Thus, nickel nano-catalysts (1) and (2)
provided the highest performance compared to the other nano-catalysts for the reduction
of PNP and MO, respectively.

The number of cycles for the degradation of MO and PNP were compared for nano-
catalyst HGC-Ni (3) in Figure 6. The number of cycles was 23 for MO, while it was smaller
for PNP, with 18 cycles.
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2.3.2. Batch Catalytic Experiment: Chemical, Photochemical, and Regeneration

In a typical batch experiment, 1 mg of catalyst HGC-Ni (3) in water (10 mL) was mixed
with 1 mg of MO or 0.5 mg of PNP. The progress of the reaction was monitored at different
times (min) in the absence of light (chemical catalysis) or irradiated with a visible light
lamp having 30 watts of power (photolysis). Then, 1 mg MO or 0.5 mg was additionally
added in each new cycle. The total NaBH4 consumed was 10 mg. In chemical catalysis, the
total number of achieved cycles for MO was six. The TON was 5.5 mg of MO/mg catalyst,
and the total time was 205 min; the TOF was 0.0268 (mg MO/mg catalyst/min). The total
number of achieved cycles for PNP was five and the total time was 300 min. The TON was
2.08 mg of PNP/mg catalyst; The TOF was 0.007 (mg MO/mg catalyst/min). After the
end of the experiment, the catalyst was regenerated by washing with water and ethanol
several times and then reused in a new experiment. The number of cycles achieved after
regeneration was three for each of MO and PNP, with a minor decrease in efficiency and a
longer time of cycle (Figure 7).

A photolysis experiment was performed using the catalyst HGC-Ni (3). The total num-
ber of cycles for MO was five, and the time was 225 min. The TON was 4.2 mg of MO/mg
catalyst, and the TOF was 0.0186 (mg MO/mg catalyst/min). Meanwhile, the number of
cycles for PNP was four, and the total time of the experiment was 320 min. The TON was
1.45 mg of PNP/mg catalyst, and the TOF was 0.0045 (mg PNP/mg catalyst/min). Thus,
light exposure has no effect on the reduction reaction since it did not provide improvement
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in the % conversion; Figure 7. It was difficult to compare the catalyst HGC-Ni with the
Degusa P25 catalyst because of the difference in the used experimental condition.
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Figure 7. (a) MO Conversion %, (b) PNP Conversion % by HGC-Ni (3) catalyst using chemical,
photochemical, and regeneration.

2.3.3. Mechanism of Hydrogenation of PNP and MO by HGC-Ni Catalysts

The reduction experiment in an aqueous solution depends on self-generated hydrogen
from the hydrolysis of sodium borohydride; Scheme 1A. However, we have noted in our
study the extensive generation of hydrogen bubbles during the reduction reaction of PNP
or MO in an aqueous solution containing sodium borohydride and a catalyst compared to
an aqueous solution of sodium borohydride without a catalyst. Thus, the catalyst HGC-
Ni improved the hydrogen generation in the presence of sodium borohydride (probably
through a hydrogen mediator such as Ni2B) [30]. Nickel hydride (Ni-H) can be produced
upon cleavage of H2 (g) by HGC-Ni and forming HGC-Ni-H; Scheme 1A. Also, during the
reaction, p-nitrophenol or methyl orange were adsorbed onto nano-catalysts aided by π-π
interactions between their aromatic rings and the aromatic rings of graphitic carbon layers
present in HGC-Ni [25]. The formed nickel hydride provided the necessary hydrogen
atoms for the reduction reaction. In the case of p-nitrophenol PNP, the -NO2 group was
reduced by the addition of two H atoms, followed by the loss of H2O molecules and the
formation of a nitroso group -N=O. Then, the other two H atoms were added to the nitroso
group, followed by the formation of the hydroxylamine group. Finally, hydroxylamine
was reduced to the amino group by the addition of two H atoms and the loss of water
molecules. Then, p-aminophenol PAP was obtained; Scheme 1B [20]. On the other hand, in
the case of methyl orange reduction, HGC-Ni-H provided two H atoms to reduce the azo
group -N=N- to hydrazo group -NH-NH-; then, it was followed by another two H atoms to
reduce the hydrazo group and cleaved it into two amino groups, resulting in the formation
of N,N-dimethyl-p-phenylenediamine and sulfanilic acid molecules; Scheme 1C [31].

In conclusion, it is of great importance to convert the highly cancerogenic
p-nitrophenol [32] to p-aminophenol PAP, which is considered safe to use as cosmetic
ingredients in hair dyes [33]. Additionally, PAP is a useful intermediate for the fabrication
of antipyretic and analgesic drugs [12,32]. Also, methyl orange dye is very toxic and
carcinogenic and limits the penetration of sunlight [34]. The present study demonstrated
the efficient catalytic cleavage of the azo group of MO. This caused the removal of color
from polluted water and produced simpler N,N-dimethyl-p-phenylenediamine and sul-
fanilic acid molecules, which are easier to degrade or can be used as intermediates in
organic synthesis.
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Scheme 1. (A) Hydrolysis of NaBH4 and nickel hydride formation, (B) hydrogenation of
p-nitrophenol (PNP), and (C) hydrogenation of methyl orange (MO).

The catalytic activity of the HGC-Ni catalyst was compared with others reported in the
literature. The first-order rate constant (min−1) of HGC-Ni (3), with respect to the reduction
of PNP, was 0.173 min−1. It was less than that of the nano Ni/carbon black catalyst (Ni
0.22/CB (0.597 min−1) [20] but higher than that of Ag/ZnO-Chitosan (0.169 min−1) [35].
Meanwhile, the first-order rate constant (min−1) for the reduction of MO by HGC-Ni (1)
was 0.404 min−1, which was higher than 0.0335 (min−1) for the solid substrates decorated
with Ag nanostructures [34] and Ag/ZnO-Chitosan (0.0998 min−1) [35].

2.4. Electrochemical Properties of HGC-Ni Catalysts

In the realm of nickel–graphitic carbon (HGC-Ni) nanocomposites tailored for elec-
trode applications, detailed electrochemical analyses, specifically via cyclic voltammetry
(CV) (Figures 8a and 9a–c)) and galvanostatic charge–discharge (GCD) studies (Figures
8b and 9d–f), have been pivotal in elucidating their capacitive behaviors. Conducted
within a rigorously controlled KOH electrolyte environment, these tests have allowed for a
nuanced understanding of the electrode capabilities. The CV assessments have consistently
highlighted the presence of distinct redox activity, indicative of the electrodes’ pseudo-
capacitive properties, particularly evidenced by the discernible redox peaks, which are
a manifestation of the transition between nickel and nickel hydroxides. Such activity is
crucial for applications necessitating quick energy exchanges [36–38].
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Figure 8. Depicts a comparative analysis of three distinct types of electrodes labeled HGC-Ni (1),
HGC-Ni (2), and HGC-Ni (3). The comparison includes three specific aspects: (a) cyclic voltammetry
(CV) results, (b) charge–discharge (CD) profiles, and (c) the calculated values of a specific capacitance
(Fg−1) for each electrode, all measured at fixed current density loads (Ag−1).

The rate-dependent investigation of these electrodes revealed a linear relationship
in the redox current response, underscoring a diffusion-dominated mechanism at play.
Notably, the modified Ni-GC electrodes, especially with a GC-Ni (3) enhancement, showed
remarkable performance (Figure 8c). This was evidenced by their larger CV curve areas
and notably higher specific capacitance, which was further substantiated by GCD profiling,
as shown in the respective figures (Figure 9a–f).

A detailed examination through GCD testing underscored the exceptional charge re-
tention ability of the Ni-GC electrode (Figure 9a–f), surpassing its counterparts significantly
at a current density of 2 to 12 (A/g). The HGC-Ni (1) electrode delivered capacitance values
of 210.0, 147.0, 105.0, 94.0, 70.0, and 50.0 (F/g) at the current densities of 2, 2.5, 3, 5, 7, and
10 (A/g). The HGC-Ni (2) electrode delivered capacitance values of 305.0, 250.0, 180.0,
168.0, 157.0, 112.0, and 75.0 (F/g) at the current densities of 2, 2.5, 3, 5, 7, 10, and 12 (A/g).
Meanwhile, the HGC-Ni (3) electrode delivered capacitance values of 320.0, 300.0, 247.0,
187.0, 175.0, 125.0, and 60 (F/g) at the current densities of 2, 2.5, 3, 5, 7, 10, and 12 (A/g);
Figure 8c. In a comparative analysis, this particular configuration has also maintained its
superiority in charge-storage capacity across various current densities.

Overall, the findings advocate for the strategic integration of carbon into the Ni-GC ma-
trix, as this modification has been demonstrated to effectively amplify the electrochemical
efficiency of the resulting electrodes [36–38]. The optimal level of carbon in the Ni-GC elec-
trodes emerges as a promising composition, offering a balance that enhances capacitance
while maintaining robust rate performance and durability (Figure 10). This advancement
marks a significant stride in the advancement of energy-storage systems.
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Figure 9. Above is a comprehensive analysis of various electrodes, specifically HGC-Ni (1), HGC-Ni
(2), and HGC-Ni (3). The figure is divided into two main sections: the first part showcases the cyclic
voltammetry (CV) graphs for (a) HGC-Ni (1), (b) HGC-Ni (2), and (c) HGC-Ni (3) at varying scan
rates. The second part details the charge–discharge (CD) profiles for (d) HGC-Ni (1), (e) HGC-Ni (2),
and (f) HGC-Ni (3), each measured at different current densities.
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Figure 10. The above illustrates the cyclic stability graph specifically for the HGC-Ni (3) electrode. 
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Figure 10. The above illustrates the cyclic stability graph specifically for the HGC-Ni (3) electrode.

3. Experimental Section
3.1. Equipment

A field emission scanning electron microscope (FE-SEM, JEOL JSM-76700F) (JEOL,
Tokyo, Japan), equipped with an EDX system (elemental mapping), was used to study the
morphologies and elemental analyses of the synthesized samples. Powder X-ray diffraction
(PXRD) measurements were carried out using the PAN analytical X’Pert PRO MP X-ray
diffractometer, consisting of a focusing elliptical mirror and a fast-high resolution detector
(PIXCEL) with a radiation wavelength of 0.15418 nm. The electrochemistry equipment
used was a Metrohm autolab electrochemical workstation.

3.2. Preparation of Metal Complexes
3.2.1. Ni(2,2′-bipyridine)Cl2.H2O

The two solutions, metal salt NiCl2.6H2O (10 mmol) in 25 mL of ethanol and the
ligand 2,2′-bipyridine (5 mmol) in 25 mL ethanol, were vigorously mixed. The resulting
mixture was refluxed for 6 h [39]. The obtained precipitate was collected by filtration,



Catalysts 2024, 14, 181 15 of 19

washed with cold ethanol, and oven-dried to give 2.25 mmol of the light green powder
Ni(2,2′-bipyridine)Cl2.H2O complex (45% yield).

3.2.2. [Ni(tpht)(2,2′-bipy)].4H2O

An aqueous solution was prepared by mixing 5 mmol of Ni(NO3)2.6H2O in 90 mL
of distilled water with 5 mmol of 2,2′-bipyridine ligand in 30 mL of ethanol [40]. To this
mixture was added 5 mmol of sodium terephthalate Na2tpht in 50 mL of water. The
reaction mixture was stirred for 3 h. The precipitate formed was collected by filtration and
oven-dried to give the light blue powder (3 mmol, 60% yield).

3.2.3. [Ni(phen)2(H2O)2]SO4.5.6H2O

NiSO4.7H2O (5 mmol) was dissolved in 30 mL of water, and then phenanthroline
powder (5 mmol) was added with continuous stirring. The mixture was slowly heated to
50 ◦C for one hour, then left stirred at room temperature for 2 h [41]. A bluish powder was
obtained after 1 day, and the mixture was then filtered. The product was collected, washed
with water, and dried, giving 2.8 mmol (56% yield).

3.3. Preparation of Hierarchically Graphitic Carbon Containing Nickel Nanoparticles HGC-Ni
3.3.1. Preparation HGC-Ni (1)

The [Ni(2,2′-bipyridine)Cl2].H2O complex (1 gm) and anthracene (1 gm) were mixed
together in a porcelain crucible, then placed in a nitrogen gas furnace and heated for 2 h at
300 ◦C, followed by heating at 850 ◦C for 15 h. A total of 0.323 gm of black powder was
then obtained after slow cooling to room temperature.

3.3.2. Preparation of HGC-Ni (2)

The [Ni(tpht)(2,2′-bipy)].4H2O complex (1 gm) and anthracene (1 gm) were mixed
and heated similarly as above. A total of 0.130 gm of black powder was obtained.

3.3.3. Preparation of HGC-Ni (3)

The [Ni(phen)2(H2O)2]SO4.5.6H2O complex (1 gm) and pyrene (1 gm) were mixed
and heated similarly as above. A total of 0.144 gm of black powder was obtained.

The preparation of complexes and their pyrolysis procedures are illustrated in Figure 11.
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3.4. Catalysis Experiment
3.4.1. Catalytic Reduction of p-Nitrophenol (P-NP)

The PNP pollutant solution was utilized as the model for the catalytic reduction
reaction in the presence of NaBH4 as a reducing agent in order to assess the catalytic
performance of the prepared nano-catalysts. In a typical experiment of catalytic degradation
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of p-nitrophenol (PNP), an aqueous suspension of nano-catalysts (1 mg catalyst/1 mL
water) was treated ultrasonically for 5 min. Then, 0.2 mL of the previous solution, 2.5 mL
of distilled water, 0.1 mL of (7 mg PNP/25 mL water) p-nitrophenol, and 4 mg of NaBH4
were mixed in a quartz cuvette. This reduction reaction can be monitored precisely through
UV–visible spectroscopy by the change in absorbance at definite time intervals. For each
new cycle, an additional 0.1 mL of PNP solution was added.

3.4.2. Catalytic Reduction of Methyl Orange (MO)

The nano-catalysts were tested for the degradation of hazardous organic dyes through
catalytic reduction. Methyl orange (MO) was chosen as a model organic dye, with NaBH4
as a reducing agent. In a typical degradation process, an aqueous suspension of catalysts
(1 mg catalyst/1 mL water) was ultrasonically treated. A total of 0.2 mL of the previous
solution, 2.5 mL of distilled water, 0.05 mL of MO (32 mg MO/25 mL water), and 4 mg
of NaBH4 were mixed in a quartz cuvette. The catalytic degradation process of MO was
assessed by monitoring the change in intensity of the UV–visible absorption peak of MO at
different times. The reduction is considered complete when the absorbance peak at λmax
464 nm decreases to almost zero. For each new cycle, an additional 0.05 mL of PNP solution
was added.

3.4.3. Electrochemical Measurements and Calculation

We have developed electrodes by meticulously coating spherical Ni-GC nanoparticles
onto a nickel substrate. The chosen composition for the slurry consisted of 10% polytetraflu-
oroethylene and 10% carbon black to ensure structural integrity and electrical conductivity,
respectively, with the remainder being 80% of the active material for efficient electrochem-
ical performance. These electrodes were then evaluated in a standard three-electrode
cell configuration. Nickel foam served as the working electrode, providing a substantial
three-dimensional area for the active material, thus enhancing the electroactive surface
area. For consistency and accurate measurements, a AgCl/Ag (3M KCl) reference electrode
and a platinum-plate counter electrode were utilized. To ascertain the specific capacitance,
which is a critical performance metric for our electrodes, we applied the following relation:
C = Idt/mdV. Here, ‘C’ signifies the specific capacitance in farads per gram (F/g), I is the
current in (A) that was applied during the electrochemical process, ‘t’ (s) stands for the total
time over which the discharge occurred, ‘m’ (g) represents the mass of the active material
loaded on the current collector, and ‘dV’ refers to the potential window (V) over which the
device was operated. This formula allows for a precise quantification of the energy-storage
capacity of our electrodes.

4. Conclusions

The pyrolysis of [Ni(2,2′-bipyridine)Cl2].H2O, [Ni(tpht)(2,2′-bipy)].4H2O, and
[Ni(phen)2(H2O)2]SO4.5.6H2O in the presence of a carbon source (pyrene or anthracene)
produced novel hierarchical graphite containing nickel nanoparticles HGC-Ni (1), (2),
and (3), respectively. The nanomaterials contained nickel (0) nanoparticles with diameter
sizes ranging from 60 nm to 500 nm wrapped with graphitic carbon layers. All samples
contained nickel and carbon. Additionally, chlorine, oxygen, and sulfur were present in
HGC-Ni (1), HGC-Ni (2), and HGC-Ni (3), respectively, and originated from their precursor
complexes. HGNi-GCs showed excellent catalytic activity for the reduction of PNP and
MO. The highest turnover number (TON) for the reduction of p-nitrophenol (PNP) and
MO was obtained for HGC-Ni (3) (2.410 mg of PNP/mg catalyst and 7.302 mg of MO/mg
catalyst). HGNi-GC (3) had the highest number of cycles with respect to PNP (17.9 cycles),
and also with respect to MO (22.8 cycles). The first-order rate constant (min−1) of HGC-Ni
(3), with respect to the reduction of PNP, was 0.173 min−1. Meanwhile, the first-order rate
constant (min−1) for the reduction of MO by HGC-Ni (1) was 0.404 min−1. The catalysts
were regenerated efficiently for an additional three cycles.
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Recent research has revealed that the nickel–graphitic carbon composite, known as
HGNi-GC, demonstrated exceptional electrochemical capacitance properties. When tested
at a current density of 2 A/g, this material registered an impressive specific capacitance of
320.0 F/g. Its durability was further underscored by its ability to retain about 86.8% of its
original capacitance, even after 2500 charge–discharge cycles. These attributes position the
Ni-GC composite as a notable candidate in the realm of energy storage, offering both high
capacitive efficiency and longevity, which are crucial for various technological applications.
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terephthalato ligands. Crystal structures of diaqua(2,2′-dipyridylamine)(terephthalato)metal(II) trihydrates (metal = cobalt or
nickel). J. Polyhedron. 2000, 19, 1415–1421. [CrossRef]

41. Zhu, L.; Zhang, L.H.; Liu, B.Y.; An, Z. Crystal structure of diaquabis(1,10-phenanthroline)nickel(II) sulfate hydrate (1:5.6),
[Ni(H2O)2(C12H8N2)2][SO4]·5.6H2O. Z. Kristallogr. NCS 2006, 221, 451–452. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1023/A:1025333223878
https://doi.org/10.1016/S0277-5387(00)00435-6
https://doi.org/10.1524/ncrs.2006.0151

	Introduction 
	Result and Discussion 
	Preparation of Hierarchical Graphitic Carbon–Nickel Nanocomposites 
	Characterization of Nanomaterials 
	Scanning Electron Microscopy (SEM) 
	SEM-EDAX and Mapping 
	Powder X-ray Diffraction Analysis of the Nickel Nanocomposites 

	Catalytic Study 
	Determination of Catalytic Activity of HGC-Ni Nano-Catalyst for Hydrogenation of PNP and MO 
	Batch Catalytic Experiment: Chemical, Photochemical, and Regeneration 
	Mechanism of Hydrogenation of PNP and MO by HGC-Ni Catalysts 

	Electrochemical Properties of HGC-Ni Catalysts 

	Experimental Section 
	Equipment 
	Preparation of Metal Complexes 
	Ni(2,2'-bipyridine)Cl2.H2O 
	[Ni(tpht)(2,2'-bipy)].4H2O 
	[Ni(phen)2(H2O)2]SO4.5.6H2O 

	Preparation of Hierarchically Graphitic Carbon Containing Nickel Nanoparticles HGC-Ni 
	Preparation HGC-Ni (1) 
	Preparation of HGC-Ni (2) 
	Preparation of HGC-Ni (3) 

	Catalysis Experiment 
	Catalytic Reduction of p-Nitrophenol (P-NP) 
	Catalytic Reduction of Methyl Orange (MO) 
	Electrochemical Measurements and Calculation 


	Conclusions 
	References

