
Citation: Zong, N.; Wang, J.; Liu, Z.;

Wu, S.; Tong, X.; Kong, Q.; Xu, R.;

Yang, L. Electrode Materials with

High Performance of Nickel

Sulfide/Titanium Nitride@Co-Based

Metal–Organic Frameworks/Nickel

Foam for Supercapacitors. Energies

2024, 17, 2788. https://doi.org/

10.3390/en17112788

Received: 18 March 2024

Revised: 3 May 2024

Accepted: 3 June 2024

Published: 6 June 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

energies

Article

Electrode Materials with High Performance of Nickel
Sulfide/Titanium Nitride@Co-Based Metal–Organic
Frameworks/Nickel Foam for Supercapacitors
Naixuan Zong 1,2, Junli Wang 3, Zhenwei Liu 2, Song Wu 2, Xiaoning Tong 2, Qingxiang Kong 1,2, Ruidong Xu 1,2,*
and Linjing Yang 1,2,*

1 State Key Laboratory of Complex Nonferrous Metal Resources Clean Utilization, Kunming University of
Science and Technology, Kunming 650093, China; 20212228021@stu.kust.edu.cn (N.Z.);
20212228012@stu.kust.edu.cn (Q.K.)

2 Faculty of Metallurgical and Energy Engineering, Kunming University of Science and Technology,
Kunming 650093, China; 20212102025@stu.kust.edu.cn (Z.L.); 20212102022@stu.kust.edu.cn (S.W.);
20212102050@stu.kust.edu.cn (X.T.)

3 Researcher Center for Analysis and Measurement, Kunming University of Science and Technology,
Kunming 650093, China; 20070141@kust.edu.cn

* Correspondence: rdxupaper@aliyun.com (R.X.); eslinjingyang@kust.edu.cn (L.Y.);
Tel.: +86-871-65160072 (R.X.); +86-871-65160072 (L.Y.)

Abstract: The metal–organic framework (MOF) materials with significant steadiness and a large
specific surface area have been popular with supercapacitor material in recent years. However, its
application in supercapacitors is restricted due to the low specific capacitance and poor conductiv-
ity. Herein, sulfur compounds with a high theoretical specific capacitance and highly conductive
titanium nitride (TiN) were introduced into Co-based metal–organic frameworks/nickel foam (Co-
MOF/NF) through a two-step hydrothermal technique (nickel sulfide/titanium nitride@ Co-based
metal–organic frameworks/nickel foam). In detail, the fabricated nickel sulfide/titanium nitride@Co-
based metal–organic frameworks/nickel foam (Ni3S2/TiN@Co-MOF/NF) electrode material exhibits
a markedly high specific capacitance (2648.8 F g−1) at 1 A g−1, compared with that (770 F g−1) of the
precursor Co-MOF/NF. And its mass specific capacitance is retained 88.3% (8 A g−1) after 5000 cycles.
Furthermore, a non-symmetrical supercapacitor (ASC) composed of Ni3S2/TiN@Co-MOF/NF and
AC exhibits excellent power density (801.8 W kg−1) and energy density (97.8 W h kg−1). Therefore,
Ni3S2/TiN@Co-MOF/NF with excellent electrochemical properties and stability provides new ideas
for the development of excellent supercapacitor electrode materials.

Keywords: metal–organic framework materials; power density; two-step hydrothermal method;
energy density; supercapacitor; specific capacitance

1. Introduction

At present, with the increasing exhaustion of finite resources, including petroleum,
methane, coal, etc., and severe air pollution, it is urgent to fully use and exploit the potential
sources of renewable energy and transform them into convenient, efficient, and low-cost
energy storage devices [1–3]. Energy storage devices include lithium batteries, fuel cells,
supercapacitors, etc. Thus, supercapacitors, as a means to store energy technology, attract
much consideration due to the advantages of high-power density, excellent cycling per-
formance, safety, eco-friendliness, etc. Yet, its developments have been rendered since the
low energy density [4,5]. One of the effective strategies is to create electrode materials with
superior specific capacitance and expanded voltage windows [6]. Unlike expanding the
voltage window, acquiring a material with a significant specific capacitance for electrode
application is now more feasible [7]. Most of the previous research focuses on the improve-
ment of the energy density by sacrificing the power density. Therefore, the crucial issue
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lies in increasing the supercapacitor’s energy density by opening up electrode materials
possessing a high specific capacitance without sacrificing the power density [8,9]. Electrode
materials can be categorized into two distinct groups: electric double-layer materials and
pseudocapacitance materials [10,11]. Compared with electric double-layer materials, pseu-
docapacitance materials achieve energy storage through the redox reactions, while electric
double-layer capacitance electrode materials achieve it through simple charge transfer. So,
pseudocapacitance materials-based capacitors own a higher specific capacitance [12–14].

Pseudocapacitance materials include metal–organic frameworks (MOF), transition
metal compounds, conductive polymers, etc. Metal–organic frameworks (MOFs) possess
facile structural manipulation, huge specific surface area, more possible potential active
sites, and a straightforward synthesis process, which make them receive escalating attention
in the realm of supercapacitors [15]. MOFs are mainly composed of transition metal ions
and organic ligands (such as Zn-MOF, Fe-MOF, Co-MOF, etc.) [16,17]. For example, Yue
et al. constructed a heterojunction structure by using an amine-immobilized MXene thin
film for in situ immobilization of bimetallic MOFs. The obtained electrode exhibited an
impressively elevated specific capacitance of 1924 F g−1 at 0.5 A g−1 [18]. In situ growth
of Ni-MOF directly on NiO nanoflakes (tagged as NiO/Ni-MOF-25) showed a specific
capacitance of 1176.6 F g−1 (1 A g−1) [19]. However, the key drawback of MOFs is poor
conductivity, resulting in slow ion transport and low theoretical specific capacitance that
hinders their development [20]. Therefore, an effective solution is building a conducive and
stable network framework inside the electrode material, along with the incorporation of
substances with higher theoretical specific capacitance such as introducing a stable matrix
(titanium nitride, carbon nanotubes, conductive carbon, and so forth) and transition metal
compounds (Ni3S2, Ni12P5, NiSe, etc.) [21]. Nickel sulfide has a high theoretical specific
capacitance, high specific surface area, good chemical stability, and other advantages [22,23].
It has a wide range of applications in the manufacture of batteries, alloys, catalysts, and so
on. Titanium nitride has the advantages of high conductivity, good stability, and corrosion
resistance. It has a wide range of applications in energy storage, automobiles, aviation, and
so on. Titanium nitride nano-arrays coated in Ni foam (NF) through a simple multi-arc
ion coating process showed an excellent stability of 88.1% after GCD cycling [24]. Qu et al.
created Mn-NiS/C electrode material using Mn-doped NiS/C layered structure, which,
after assembly, has a specific capacitance of 1832 F g−1 at 1 A g−1 and an energy density of
60.91 W h kg−1 [25]. Peng et al. Prepared the MoOx/TiN composite electrode by a simple
and efficient deposition method. The composite electrode not only has high conductivity
since the introduction of TiN but also has A unique multi-space double-layer structure.
The specific capacitance is up to 323 F g−1 (1 A g−1), and the magnification performance
is 60% (20 A g−1) [26]. Zhang et al. using Ni-BTC as the precursor and Na2S as the sulfur
source, successfully prepared Ni-MOF@NiS2 nanosheet electrodes with an excellent specific
capacitance of 1128 F g−1 at 2 A g−1 due to the presence of many active sites [27].

Employing a two-step hydrothermal technique, the study successfully synthesized
nickel sulfide/titanium nitride@Co-based metal–organic frameworks/nickel foam
(Ni3S2/TiN@Co-MOF/NF) electrodes, characterized by an advantageous electrochem-
ical profile and a porous, layered structure. The electrode demonstrated a capacitance
value of 2648.8 F g−1 under a current density of 1 A g−1 and an impressive multiplicative
efficiency of 86.5%, possessing an electrical current density of 10 A g−1. The electrodes
were amalgamated with activated carbon (AC) to form Ni3S2/TiN@Co-MOF/NF//AC
asymmetric supercapacitors (ASC). The ASC demonstrated a power density measuring
801.8 W kg−1 and an energy density of 97.8 W h kg−1.

2. Materials and Methods
2.1. Substances and Chemical Agents

The experimental chemicals used were cobalt nitrate (Co(NO3)2, 99%), trimesic acid
(H3BTC, 98%) produced by Aladdin (Shanghai, China), methanol (CH3OH, AR) produced
by Chengdu Cologne Chemical Co., Ltd. (Chengdu, China), thiourea (H2NCSNH2, 98%)
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and nickel chloride hexahydrate (NiCI2·6H2O, 98%) produced by Tianjin Wind Balloon
Chemical Reagent Technology Co., Ltd. (Tianjin, China), nano titanium nitride (TiN)
produced by McKinley (Shanghai, China), and hydrochloric acid produced by Tianjin
Chemical Chemical Reagent Co., Ltd. (Tianjin, China); the Cyber Electrochemical Materials
website supplied Polyvinylidene fluoride (PVDF, 99%), acetylene black (99%), activated
carbon, N-methyl-2-pyrrolidone (NMP, 99%), and nickel foam (NF). During the experiment,
every necessary chemical was employed in a condition of analytical purity, eliminating the
need for further purification or refinement.

2.2. Electrode Material Preparation

The study employed a two-step hydrothermal method for producing Ni3S2/TiN@Co-
MOF/NF substances. In the hydrothermal method, the solution is used as a solvent, and
carried out in a sealed pressure vessel, through high-temperature and high-pressure condi-
tions, to promote the dissolution and recrystallization of materials preparation technology;
compared with other methods, the crystal morphology can be better controlled.

Initially, the NF was sliced into pieces measuring 1 cm by 1 cm. Subsequently, it
underwent ultrasonic sonication using alcohol and HCL, was cleansed with deionized
water, and then vacuum-dried.

Around 1.47 g Co(NO3)2 and 0.536 g H3BTC were added to 100 mL of methanol and
stirred until completely dissolved. The mixed solution and NF were put into the reaction
kettle, heated at 150 ◦C for ten h, and naturally chilled to 25 ◦C. The NF was taken out and
rinsed, rows of Co-based metal–organic frameworks/nickel foam (Co-MOF/NF) precursor,
and vacuum-dried for spare. The active substance loading of Co-based metal–organic
frameworks (Co-MOF) precursor was about 7.3 mg cm−2.

To create the Ni3S2/TiN@Co-MOF/NF electrode material, 0.084 g of H2NCSNH2,
0.116 g of NiCI2·6H2O, and 100 mL deionized water were blended with 0.619 g of TiN, and
completely dissolved. Subsequently, the mixed solutions and Co-MOF/NF precursor were
introduced into a reaction still and heated at 130 ◦C for ten hours, then chilled to ambient
temperature, and vacuum-dried. The Ni3S2/TiN@Co-MOF/NF electrode had an active
material load of about 8.7 mg cm−2.

2.3. Preparation of ASC

The dimensions of both the positive and negative electrodes measure 1 × 1 cm2.
Ni3S2/TiN@Co-MOF/NF formed the composition of the positive electrode. Activated
carbon (AC) and PVDF with acetylene black in an 8:1:1 ratio were dropped into the NMP
and ground, and then completely coated with NF as the negative electrode. The electrodes
are integrated into the Ni3S2/TiN@Co-MOF/NF//AC asymmetric supercapacitor (ASC).
The harmful electrode materials need to be adjusted through the charge matching before
assembly to adjust the negative electrode material loading; the optimal negative electrode
loading after the matching was 16.7 mg cm−2.

2.4. Structural Characterization

The infrared spectra (FTIR, ALPHA, BRUKER, Billerica, MA, USA) and X-ray diffrac-
tion (XRD, D/Max2200, Rigaku Corporation, Tokyo, Japan) were utilized to examine the
sample’s material makeup. To analyze the sample’s structure, the Nova Nano SEM 450
(FEI Nova, Kansas, MO, USA), a scanning electron microscope that operates based on
field emission (FE-SEM), was emplohangyed. Additionally, the fundamental elemental
composition of the samples was investigated through energy-dispersive X-ray Spectrom-
etry (EDS). Transmission electron microscopy (TEM) and high-resolution transmission
electron microscopy (HRTEM) were applied for a thorough examination of their micro-
morphological features. The samples’ valence states and composition were analyzed using
X-ray photoelectron spectroscopy (also known as XPS, PHI 5500, Rigaku Corporation,
Tokyo, Japan), while the BELSORP mini-II (Ankersmid, Shanghai, China) adsorption ana-
lyzer (BEL) assessed the nitrogen adsorption–desorption isotherms. The method employed
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was the Tecnai G2 F30 (Ankersmid, Shanghai, China). The exact size of the sample surfaces
was ascertained through the application of the Brunauer–Emmett–Teller (BET) algorithm.
The Barrett–Joyner–Halenda (BJH) method was employed to measure the sample pores’
sizes, while a standard four-point probe (ST-2258C, Four probe technology, Guangzhou,
China) was used to evaluate their electrical conductivity.

2.5. Electrochemical Measurements

Electrochemical data for the experiment were gathered utilizing a three-electrode
setup and a workstation designed for electrochemistry (CHI 760E, Chenhua Instrument Co.,
Ltd., Shanghai, China). Within the electrolyte, a 3.0 M KOH solution was contained. The
generated electrode material served the role of the working electrode in the investigations,
while the reference and counter electrodes have been a Ag/AgCl reference electrode and a
Pt sheet. Electrochemical impedance spectroscopy (EIS), galvanostatic charge/discharge
test (GCD), and cyclic voltammetry (CV) were the methodologies employed in the examina-
tions. The performance characteristics of the material were ascertained using the following
formulas [28–30]:

Eint = I ×
∫ t(Vmax)

t(Vmin)
U(t)dt (1)

Cm = 2 × Eint/V2
max (2)

Cm = (I × ∆t)/(m × ∆V) (3)

Within this formula, Eint (C) stands for discharge energy, t(Vmax) (s) and t(Vmin) (s)
represent the current at the maximum and minimum voltage, Cm (F g−1) represents the
specific capacitance, I (A) signifies the discharge current, ∆t (s) stands for the discharge
time, ∆V (V) indicates the voltage window, and m (g) symbolizes the chemical mass.

For the accurate construction of the ASC, it is essential to ascertain the ideal load-to-
mass ratio for both positive and negative substances. As per the provided equation for
balancing charges, represented as Q+ = Q−, the positive and negative terminals’ electrical
charges are denoted by Q+ and Q−, respectively [31]:

m−/m+ =
(
C+ × ∆V+

)
/
(
C− × ∆V−) (4)

The notation ‘∆V+’ and ‘∆V−’ signifies the range of voltage encompassing the negative
and positive electrodes. The terms ‘C+’ and ‘C−’ are used to denote the specific capacitance
values of the positive and negative electrodes, respectively, while ‘m+’ and ‘m−’ refer to
the respective masses loading of these electrodes. By applying these formulas, the ASC’s
specific mass capacitance values of Cm (F g−1), power density P (W kg−1), and energy
density E (W h kg−1) were ascertained as follows [32,33]:

Eint = I ×
∫ t(Vmax)

t(Vmin)
U(t)dt (5)

Cs = 2 × Eint/V2
max (6)

E = (Cs × ∆V)/(2 × 3.6) (7)

P = (E × 3600)/∆t (8)

3. Results and Discussion
3.1. Characterizing Structure

The two-step hydrothermal technique used in this plan to manufacture the Ni3S2/TiN@Co-
MOF/NF materials is depicted in Scheme 1. According to the relevant literature reports, the
equations involved in the processes related to the preparation of the samples are shown
below [34–37]:

2Co(NO3)2 → 2CoO + 4NO2 + O2 (9)
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2CoO + 2 H3BTC → 2Co-MOF + 2H2O + H2 (10)

SC(NH2)2 + H2O → CO2 + 2NH3 + H2S (11)

NH3 + H2O → NH4+ + OH− (12)

H2S + OH− → S2− + H2O (13)

Ni2+ + 4NH3 → [Ni(NH3)4]2+ (14)

X[Ni(NH3)4]2+ + XS2− → Ni3S2 + XNH3 (15)

OH− + Ni2+ + S2− → Ni3S2 + H2O + O2 (16)
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Scheme 1. A diagrammatic representation showing how the produced Ni3S2/TiN@Co-MOF/NF
electrode was made.

The samples Co-MOF and Ni3S2/TiN@Co-MOF/NF were tested by X-ray diffraction
(XRD), as illustrated in Figure 1a. The Co-MOF samples were obtained by scraping the
Co-MOF/NF samples, and the X-ray diffraction of the Co-MOF sampled at 5.40◦, 8.50◦,
10.68◦, 13.10◦, and 14.18◦ had obvious diffraction peaks. The diffraction angles of the
sample were consistent with those of Co-MOF (CCDC-2080701), which correspond to the
(101), (201), (321), (420), and (431) crystal planes of Co-MOF, respectively [38]. Diffraction
peaks could be seen, as shown in the XRD diffraction pattern for the specimen depicted in
Figure 1b at 44.51◦, 51.84◦, and 76.36◦. These diffraction angles matched those of the nickel
monomers (PDF# 87-0712), which correspond to (110), (200), and (220). Diffraction peaks
were present at 21.71◦, 31.12◦, 38.33◦, 49.72◦, 50.14◦, and 55.11◦, and diffraction angles were
consistent with those of Ni3S2 (PDF# 44-1418), which were related to the crystal planes
designated as (101), (110), (021), (113), (211), and (122) [39]. The peaks were present at
29.81◦, 33.42◦, and 78.63◦, with diffraction angles consistent with those of TiN (PDF#38-
1420), which corresponded to the diffraction angles of TiN (PDF# 38-1420) at (111), (200),
and (222) crystal planes, respectively. The results of XRD refinement of Co-MOF/NF and
Ni3S2/TiN@Co-MOF/NF electrode materials show that after refinement, the fit is good
(Figure S1), which also proves that the electrode materials have been successfully prepared,
and the cell parameter data of the two are also obtained (Table S1).

For a more thorough investigation into the samples’ chemical bonding characteristics,
Figure 1c displays the FTIR spectra for the Co-MOF/NF specimen. The spectral exami-
nation revealed distinct bands near 1570 cm−1 and 3457 cm−1, signifying the existence
of O-H, and indicating that water molecules were present in the Co-MOF samples. The
observation of a distinct band at 1371 cm−1 suggests erratic oscillations of NO3

−. This
was further evidenced by the pronounced characteristics of the sample’s spectrum. The
absorption band observed at 755 cm−1, which was more pronounced, was ascribed to the
elongating vibrations of O-Co. Additionally, the maximum absorption peak observed at
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1621 cm−1 aligns with -COO. This was further explained as resulting from the displacement
of H3BTC’s proton by Co ions with -COO, culminating in the replacement of -COOH [40].
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The samples underwent SEM and EDS examinations, focusing on their form and
elemental configuration. Figure 1d along with Figure 1e illustrate the structure of the Co-
MOF/NF substance, and in comparison to NF, it displays a consistent coating of spherulites
on the surface. Figure 1f,g exhibit SEM pictures of Ni3S2/TiN@Co-MOF/NF. Compared
with Co-MOF/NF, the surface was loaded with a more uniform layer of nanoflower-
like material. This particular porous multilevel structure provided an expanded surface
area [41]. Figure 1h exhibits the EDS images of Ni3S2/TiN@Co-MOF/NF samples, which
could clearly demonstrate that the components of C, Co, O, Ni, S, Ti, and N are evenly
dispersed. The specific content of each element is shown in Figure S2.

In an attempt to further investigate the microscopic morphology of Ni3S2/TiN@Co-
MOF/NF, the materials were subjected to TEM tests. As shown in Figure 1i,j, the nanoflow-
ers Ni3S2 and TiN were uniformly loaded on the spherical Co-MOF/NF, which formed
an excellent porous multilevel structure, in addition to the good electrical conductivity of
TiN, which further facilitated the ionic transport. HRTEM is shown in Figure 1k. The (101)
crystalline surface [42] of Co-MOF, the (110) crystalline surface [43] of Ni3S2, and the (111)
crystalline surface [44] of TiN all had clear debrided lattice edges, and the corresponding
lattice spacings of the three sets of crystalline surfaces were d = 0.528 nm, d = 0.285 nm,
and d = 0.248 nm, respectively.
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Figure S3a displayed the XPS for Co-MOF/NF, consisting of Co, C, and O. The
XPS energy spectrum for Co 2p reveals that, respectively, the presence of Co3+ and
Co2+ was suggested amidst the summits observed at 781.2 eV and 784.6 eV in Co 2p3/2;
the detection of peaks at 797 eV and 801.8 eV also suggested the presence of Co3+ and
Co2+ within Co 2p1/2, as illustrated in Figure S3b. In the energy spectrum, there were
two peaks from satellites located at energies of 788.2 eV and 804.8 eV [45]. The BTC
backbone, Co-MOF material, and COO-Co groups were responsible for the peaks in
Figure S3c’s C 1s energy spectrum, which were positioned at energy levels of 284.6 eV,
286.4 eV, and 288.6 eV, respectively; the detected peaks matched up with the C=C, C-C,
and O-C=O groups, indicating their presence [46]. It was evident through Figure S3d that
the summits situated at 530.8 eV, 532.2 eV, and 533.6 eV in the energy spectrum of O 1s
correspond to Ni-OH/C=O, O=N-O, and O=C-OH/C-OH functional groups, which was
due to the metal–oxygen bonding, NO3

− from the feedstock, and water molecules [47].
The XPS of Ni3S2/TiN@Co-MOF/NF was shown in Figure S4, containing elements Co, C,
O, Ni, S, Ti, and N. From Figure 2a, evidently, the Ni 2p3/2 was identified by the peak at
855.8 eV, while the Ni 2p1/2 is marked by the 873.6 eV peak. Additionally, the satellite
peaks were represented by the 861.2 eV and 879.8 eV peaks. As illustrated in Figure 2b, the
XPS energy spectra of S 2p prominently displayed three distinct peaks. The energy levels
were as follows: 162.6 eV corresponded to S 2p3/2, 164.4 eV corresponded to S 2p1/2, and
168.6 eV corresponded to satellite peaks [48]. In the energy spectrum of N 1S (Figure 2c),
peaks noted were found at the binding energy locations of 396.4 eV and 399.4 eV, which
were a result of the Ti-N bond [49]. The Ti 2p energy spectrum (Figure 2d) had four peaks:
the energies 455.4 eV and 460.8 eV were associated with Ti 2p3/2 and Ti 2p1/2, respectively,
while the values 457.8 eV and 463.2 eV were indicative of Ti2O3 and the Ti-O-N compound,
which was due to the oxidation of TiN [50–53]. In summary, as shown above, Co-MOF/NF
and Ni3S2/TiN@Co-MOF/NF were successfully prepared by combining the results of XRD,
FTIR, SEM, EDS, TEM, and XPS analyses.

Energies 2024, 17, x FOR PEER REVIEW 8 of 16 
 

 

Ni3S2/TiN@Co-MOF/NF demonstrates an extraordinary specific surface area and higher 
porosities, specifically 168.48 m2 g−1 and 0.42 cm3 g−1. Theoretically, this increase in surface 
area and porosity augments the number of reachable active sites, potentially owing to the 
incorporation of Ni3S2 and TiN to diminish the material’s natural agglomeration [54]. The 
investigation into the materials’ ability to conduct electricity involved testing them (refer-
enced in Figure S5), revealing their conductivities to be 4.8 S cm−1 and 8.1 S cm−1, respec-
tively, which is predominantly attributable to the introduction of TiN for the enhancement 
with regard to the material’s electrical conductivity. The enhancement in conductivity also 
improves electron movement during charging and discharging [55]. 

 
Figure 2. XPS of Ni3S2/TiN@Co-MOF/NF. (a) Ni (b) S (c) N (d) Ti. Co-MOF/NF, Ni3S2/TiN@Co-
MOF/NF (e) Nitrogen adsorption–desorption (f) porosity. 

3.2. Assessment of Electrochemical Properties 
Pertaining to examining the electrochemical properties of Ni3S2/TiN@Co-MOF/NF 

composites, CV, GCD, and EIS tests were executed within the configuration of three elec-
trodes. Figure 3a represents the four kinds of Co-based metal–organic frameworks/nickel 
foam (Co-MOF/NF) nickel sulfide/titanium nitride/nickel foam (Ni3S2/TiN/NF), nickel sul-
fide/Co-based metal–organic frameworks/nickel foam (Ni3S2/Co-MOF/NF), and nickel 
sulfide/titanium nitride@Co-based metal–organic frameworks/nickel foam 
(Ni3S2/TiN@Co-MOF/NF) operating during a scanning speed of 20 mV s−1. Material CV 
curve observations revealed that the CV curve for Ni3S2/TiN@Co-MOF/NF encompasses 
the most substantial area, which was preliminarily inferred as Ni3S2/TiN@Co-MOF/NF ex-
hibiting a higher specific capacitance. Each curve exhibited a distinct redox peak, a result 
of the redox reaction involving the reactive substance regarding the electrode material. 
The emergence of the redox peak could be attributed to the ensuing reaction, leading to 
the deduction that the electrode substance was a pseudocapacitance material [56,57]: 

Ni3S2 + OH− ↔ Ni3S2OH + e− (17)

Co(II)-MOF + OH− ↔ Co(III)-(OH)MOF + e− (18)

Figure 3b’s presentation of the GCD test further reinforces the derived conclusion. 
The GCD graph for Ni3S2/TiN@Co-MOF/NF also supported this. The most extended du-
rations for discharging was combined with the greatest specific capacitance in cases where 

Figure 2. XPS of Ni3S2/TiN@Co-MOF/NF. (a) Ni (b) S (c) N (d) Ti. Co-MOF/NF, Ni3S2/TiN@Co-
MOF/NF (e) Nitrogen adsorption–desorption (f) porosity.

To obtain a more thorough understanding with reference to unique surface area
and pore size features, the specimens underwent nitrogen adsorption and desorption
examination. Furthermore, the Co-MOF/NF and Ni3S2/TiN@Co-MOF/NF exhibited N2
adsorption–desorption isotherms, as shown in Figure 2e, and typical type IV isotherms,
with obvious capillary coalescence at higher P/P0. The desorption isotherms were located
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above the adsorption isotherms, which appeared as a hysteresis phenomenon. The des-
orption isotherm and adsorption isotherm did not overlap, resulting in the formation of
hysteresis loops, which proves the existence of mesopores. The pore diameters of Co-
MOF/NF and Ni3S2/TiN@Co-MOF/NF range from 5 nm to 140 nm, according to the pore
size distributions with regard to the two materials (Figure 2f), and the average pore sizes
were, respectively, 11.44 nm and 26.46 nm. Sufficient mesopores were highly favorable
for electrolyte-to-electrode transport. The Co-MOF/NF and Ni3S2/TiN@Co-MOF/NF
possess a porosity characterized by a unique surface area and porosities, with a surface
area measuring 135.73 m2 g−1, and porosities measuring 0.33 cm3 g−1. Compared to
Co-MOF/NF, Ni3S2/TiN@Co-MOF/NF demonstrates an extraordinary specific surface
area and higher porosities, specifically 168.48 m2 g−1 and 0.42 cm3 g−1. Theoretically,
this increase in surface area and porosity augments the number of reachable active sites,
potentially owing to the incorporation of Ni3S2 and TiN to diminish the material’s natural
agglomeration [54]. The investigation into the materials’ ability to conduct electricity in-
volved testing them (referenced in Figure S5), revealing their conductivities to be 4.8 S cm−1

and 8.1 S cm−1, respectively, which is predominantly attributable to the introduction of TiN
for the enhancement with regard to the material’s electrical conductivity. The enhancement
in conductivity also improves electron movement during charging and discharging [55].

3.2. Assessment of Electrochemical Properties

Pertaining to examining the electrochemical properties of Ni3S2/TiN@Co-MOF/NF
composites, CV, GCD, and EIS tests were executed within the configuration of three elec-
trodes. Figure 3a represents the four kinds of Co-based metal–organic frameworks/nickel
foam (Co-MOF/NF) nickel sulfide/titanium nitride/nickel foam (Ni3S2/TiN/NF), nickel
sulfide/Co-based metal–organic frameworks/nickel foam (Ni3S2/Co-MOF/NF), and nickel
sulfide/titanium nitride@Co-based metal–organic frameworks/nickel foam (Ni3S2/TiN@Co-
MOF/NF) operating during a scanning speed of 20 mV s−1. Material CV curve observations
revealed that the CV curve for Ni3S2/TiN@Co-MOF/NF encompasses the most substantial
area, which was preliminarily inferred as Ni3S2/TiN@Co-MOF/NF exhibiting a higher
specific capacitance. Each curve exhibited a distinct redox peak, a result of the redox
reaction involving the reactive substance regarding the electrode material. The emergence
of the redox peak could be attributed to the ensuing reaction, leading to the deduction that
the electrode substance was a pseudocapacitance material [56,57]:

Ni3S2 + OH− ↔ Ni3S2OH + e− (17)

Co(II)-MOF + OH− ↔ Co(III)-(OH)MOF + e− (18)

Figure 3b’s presentation of the GCD test further reinforces the derived conclusion.
The GCD graph for Ni3S2/TiN@Co-MOF/NF also supported this. The most extended
durations for discharging was combined with the greatest specific capacitance in cases
where the density of the current was 1 A g−1. The specific capacitances of Co-MOF/NF,
Ni3S2/TiN/NF, Ni3S2/Co-MOF/NF, and Ni3S2/TiN@Co-MOF/NF were 770.1 F g−1,
1272.3 F g−1, 2007.8 F g−1, and 2648.8 F g−1. The energy efficiency of the Ni3S2/TiN@Co-
MOF/NF electrode material is 91% (1 A g−1). Figure 3c displays performance graphs for
the magnification of the four substances at varying current densities. When operating
with a current density of 10 A g−1, the observed specific capacitance measurements were
606.3 F g−1, 751.2 F g−1, 1297.1 F g−1, and 2290.5 F g−1, which were observed to retain
78.1%, 59.7%, 64.6%, and 86.5% of their original capacity, respectively. In a relative sense, a
high specific capacitance belonging to the Ni3S2/TiN@Co-MOF/NF, even at high current
densities, indicated that the material performs well electrochemically [58]. In an effort to
be able to better investigate the microscopic particle dynamics of composite materials, EIS
tests were carried out on four materials within the range of frequencies extending from
1 Hz to 100 KHz. The EIS trajectories depicted in Figure 3d show two distinct categories, a
semicircle and a rectilinear line, where the half-circle symbolizes the high-frequency area
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and the rectilinear line denotes the low-frequency zone. The magnitude of the equiva-
lent series resistance (Rs) was indicated by the horizontal axis’s coordinate at the curve’s
first point of intersection, primarily linked to electrode material and solution resistance,
while the semicircle’s width signified the resistance to transfer of charge (Rct); this pri-
marily refers to the opposition encountered in the transfer of charge during redox pro-
cesses [59]. The analysis showed that the Rs for the four materials were 0.681, 0.566,
0.615, and 0.526; the corresponding Rct numerals are 4.62, 0.54, 0.91, and 0.31, respec-
tively. Reduced Rs and Rct numerically in Ni3S2/TiN@Co-MOF/NF suggested an en-
hanced charge movement between the electrode and electrolyte solutions. This might stem
from Ni3S2/TiN@Co MOF/NF’s distinct shape and TiN’s effective electrical conductivity.
Lower Rct values also contributed to the electrode material’s redox reaction, enhancing its
electrochemical efficiency.
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To investigate the electrochemical properties of Ni3S2/TiN@Co-MOF/NF more deeply,
the electrode materials underwent CV experiments at varying scanning rates, which span
from 5 mV s−1 to 50 mV s−1, as depicted in Figure 3e; clearly, accompanied by an increase
in the rate of scanning, the redox peaks of the CV curves moved [60,61]. The cause was
the hastened rate of scanning on the exterior layer of the electrode substances; the redox
reaction could not sufficiently occur, and the current growth rate increased while the redox
reaction rate was relatively slow. The redox peaks shifted because the materials could not be
transformed in time [62]. The pseudocapacitance energy storage mechanism was separated
into surface control and diffusion control. Surface control refers to the electrode material’s
capacity to absorb and release charge, while diffusion control involves the process of
reversible oxidation at the active site through charge movement. As depicted in Figure 3f,
graphs depicting scan rates and peak current were produced through the analysis of the
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CV curves for Ni3S2/TiN@Co-MOF/NF materials, aiming to understand how both control
mechanisms affect charge storage capacity. The correlation between the scanning speed
(v) and the peak current (i) was i = avb (a and b are constants) and taking the logarithm of
both sides at the same time yields Iog(i) = blog(v) + log(a); when b=0.5 was the diffusion
control and when b=1 was the surface control. The material’s predicted oxidation peak
was observed at b equal to 0.53, and the reduction peak occurred at a value of 0.53 for b,
which was closer to 0.5, suggesting that the material’s charge storage had primarily been
regulated by diffusion [63,64].

Figure 3g illustrates the curves of Ni3S2/TiN@Co-MOF/NF GCD at different electrical
densities. By modifying the current intensities to levels (1 A g−1–10 A g−1), the distinct
specific capacitances for the electrode material were 2648.8 F g−1, 2582 F g−1, 2465.5 F g−1,
2340.3 F g−1, and 2290.9 F g−1. Results from the 2290.9 F g−1 research indicated that
increased current densities maintained an elevated specific capacitance. The steadiness
of Ni3S2/TiN@Co-MOF/NF following multiple charging and discharging phases was
assessed through a steady current charging and discharging experiment conducted over
5000 rotations when the current density reached 8 A g−1. The examination resulted
in a distinct rate at which capacitance was retained at 88.3%, as depicted in Figure 3h.
The Coulomb efficiency after the cycle is close to 101% (8 A g−1). The degradation of
electrochemical properties post-cycle could be ascribed to the shedding and reduction of
active materials. From Figure 3i, after the cycle test, it was evident that the material’s charge
transfer resistance (Rct) increased, which might further demonstrate that the material’s
performance had declined [65]. Compared with the materials in Table S2, Ni3S2/TiN@Co-
MOF/NF materials had better specific capacity and cycling stability.

3.3. Electrochemical Measurements of Non-Symmetrical Supercapacitor (ASC)

In Ni3S2/TiN@Co-MOF/NF supercapacitors (Figure 4a), the positive electrode was
Ni3S2/TiN@Co-MOF/NF, and the AC in the capacitor served as the negative electrode, while
the electrolyte consisted of 3 M KOH, it assembled into Ni3S2/TiN@Co-MOF/NF//AC
asymmetric supercapacitors (ASCs). Using different materials for the capacitor’s electrodes,
both positive and negative, could effectively enhance its electrochemical performance.
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Figure 4. (a) ASC schematic diagram. (b) CV of AC and Ni3S2/TiN@Co-MOF/NF. (c) CV at various
ASC voltages. (d) CV for varied ASC scan rates. (e) GCD under varying current densities within ASC.
(f) ASC of magnification performance. (g) ASC’s Ragone plan [66–73]. (h) ASC’s cyclic stability test.
(i) Nyquist curve both prior to and after ASC’s cyclic stability test.
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Testing of the AC electrode material through CV, GCD, and EIS involved a tri-electrode
system, utilizing a 3 M KOH solution for electrolytes, Ag/AgCl as the benchmark electrode,
platinum sheeted for counter electrodes, and AC for the working electrode. Figure S6a
exhibits CV display curves at varying scanning speeds. Evidently, the curves did not have
prominent redox peaks, which can be judged as a typical electric double-layer capacitance
behavior. The GCD curves in Figure S6b also proved this point of view because the
curves did not display straightforward charging and discharging platforms, which were
approximated as triangles. Moreover, the recorded specific capacitances for activated
carbon were as follows: with a current density of 1 A g−1, the figure stands at 128.8 F
g−1; at 2 A g−1, it decreases slightly to 122.6 F g−1, further diminishing to 113.5 F g−1 at
5 A g−1; and it continues to drop to 109.3 F g−1 at 8 A g−1, and ultimately arches a current
density of 10 A g−1 at 106.9 F g−1. This sequence demonstrates how specific capacitance
varies with increasing current densities. The findings in Figure S6c displayed in the
magnification performance curves signify that the AC material exhibits a minor reduction
in specific capacitance, demonstrated by maintaining 82.8% (10 A g−1) of the capacitance.
This suggests the material’s ability to retain a significant portion of its capacitance under
high-current conditions and its excellent stability. Figure S6d shows the EIS curve, which
indicates that the Rs of the AC is 0.32 and Rct is 0.17, which offered good conductivity
performance and helped in electron transfer.

Figure 4b illustrates the cyclic voltammograms of both Ni3S2/TiN@Co-MOF/NF and
activated carbon, configured within a trio of electrodes system, and captured using a
scanning velocity of 10 mV s−1. This suggests that the voltage span extends between 0 V
and 0.5 V for Ni3S2/TiN@Co-MOF/NF and from −1 V to 0 V for AC. Figure 4c illustrates
that, over the interval where the voltage fluctuated within a range of 0 V to 1.6 V, the rate
at which scanning was conducted was 50 mV s−1; there was no apparent polarization
phenomenon, and when it was 1.7 V–2.0 V, the polarization phenomenon was gradually
evident, and so to avoid the occurrence of the polarization phenomenon, the ideal voltage
range of 1.6 V was chosen as the value.

To conduct the CV experiment for the ASC inside the optimal voltage spectrum of
1.6 V, various scan speeds were applied (as shown in Figure 4d). Elevating the scanning
velocity to 100 mV s−1 seemed to have a lesser impact on the curve shapes. The stability
was maintained well. It was evident from the data presented. Figure 4e displays the GCD
graphs for various current densities. This encompasses capacities such as 1 A g−1–10
A g−1. The ASC demonstrates specific capacitances measured at values of 275.7 F g−1,
258.4 F g−1, 236.2 F g−1, 228.9 F g−1, and 222.7 F g−1. The energy efficiency of the ASC
is 102% (1 A g−1). Additionally, these measurements were taken at an elevated current
density measured at 10 A g−1. It displayed notably impressive results, retaining 81% of
its performance, as shown in Figure 4f. This was illustrated in the context of the ASC’s
Ragone plot (Figure 4g) as measuring power and energy densities was vital for assessing
supercapacitors’ efficacy in practical scenarios. The outcomes presented an energy density
of 97.8 W h kg−1 at 801.8 W kg−1 and 79.3 W h kg−1 at 8041.6 W kg−1. This marks a
notable enhancement compared to the two essential parameters of supercapacitor power
density and energy density mentioned in pertinent studies [66–73]. Figure 4h displays the
ASC’s charge/discharge cycle test graph. The current’s density was measured at 8 A g−1.
Clearly, after undergoing a total of 5000 cycles that include processes of both charging and
draining, the ASC maintained a specific capacitance of 85.87%, showcasing its remarkable
stability. The Coulomb efficiency after the cycle was close to 99%. Figure 4i shows the
EIS curves before and after 5000 charge/discharge cycles, which shows that compared to
before cycling, the Rs and Rct after cycling become more extensive, which may be caused
by the structural changes due to the reduction of active substances after cycling [74]. In
order to verify the practical application effect of ACS, the assembled ACS device lit up the
red light-emitting diode (LED) and maintained a high brightness after 120 s (Figure S7a).
After the red LED was lit, the GCD charging test was carried out on the ASC and it was



Energies 2024, 17, 2788 12 of 16

found that it could still reach the level of 1.6V, which demonstrates its good voltage-holding
ability (Figure S7b).

4. Conclusions

In this paper, the Ni3S2/TiN@Co-MOF/NF electrode was prepared by a bi-step hy-
drothermal technique. The specific capacitance and conductivity of the Co-MOF/NF elec-
trode were significantly improved after the introduction of Ni3S2 and TiN. The electrode
material composed of Ni3S2/TiN@Co-MOF/NF exhibited outstanding electrochemical
properties: the specific capacitances were 2648.8 F g−1 and 2290.9 F g−1 at the current
densities of 1 A g−1 and 10 A g−1, respectively. Moreover, it displayed a notably high
rate of performance (retaining 86.5%). Interestingly, the assembled ASC retained 85.87%
of its specific capacitance after 5000 cycles, indicating its excellent cycle stability. It dis-
played a measurement of energy density at 97.8 W h kg−1 and a power density of 801.8
W kg−1. Therefore, the work presents a simple strategy for the fabrication of electrodes in
supercapacitor practical applications.
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