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Abstract: Supercapacitors are prospective energy storage devices for electronic devices due to
their high power density, rapid charging and discharging, and extended cycle life. Materials with
limited conductivity could have low charge-transfer ions, low rate capability, and low cycle stability,
resulting in poor electrochemical performance. Enhancement of the device’s functionality can be
achieved by controlling and designing the electrode materials. Graphene oxide (GO) has emerged
as a promising material for the fabrication of supercapacitor devices on account of its remarkable
physiochemical characteristics. The mechanical strength, surface area, and conductivity of GO are all
quite excellent. These characteristics make it a promising material for use as electrodes, as they allow
for the rapid storage and release of charges. To enhance the overall electrochemical performance,
including conductivity, specific capacitance (Cs), cyclic stability, and capacitance retention, researchers
concentrated their efforts on composite materials containing GO. Therefore, this review discusses the
structural, morphological, and surface area characteristics of GO in composites with metal oxides,
metal sulfides, metal chalcogenides, layered double hydroxides, metal–organic frameworks, and
MXene for supercapacitor application. Furthermore, the organic and bacterial functionalization of
GO is discussed. The electrochemical properties of GO and its composite structures are discussed
according to the performance of three- and two-electrode systems. Finally, this review compares
the performance of several composite types of GO to identify which is ideal. The development of
these composite devices holds potential for use in energy storage applications. Because GO-modified
materials embrace both electric double-layer capacitive and pseudocapacitive mechanisms, they often
perform better than pristine by offering increased surface area, conductivity, and high rate capability.
Additionally, the density functional theory (DFT) of GO-based electrode materials with geometrical
structures and their characteristics for supercapacitors are addressed.

Keywords: energy storage; supercapacitor; symmetric; asymmetric; cycle stability; DFT

1. Introduction

High levels of energy consumption and the depletion of fossil fuel sources are all a
consequence of fast global development and a significant increase in the rate of population
growth around the globe. Consequently, there is a growing need for energy daily to
power essential operations such as operating electronic gadgets and motors and supplying
distant places with electricity. Currently, supercapacitors (SCs) are considered cutting-edge
technology for storing energy because of their fast charging and discharging capabilities,
high power density, safety, and extended cycle performances [1,2]. Nevertheless, the energy
density (ED) of supercapacitors is comparatively lower than that of batteries, and a key
challenge encountered by SCs is the sluggish ion transfer rate, which can be attributed
to the comparatively low electrical conductivity of their electrode materials [3]. Batteries
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are believed to store energy by ion intercalation or deintercalation, resulting in slow ion
migration into active electrode materials and having the capacity to keep high ED [4–6].
However, batteries also have some limitations, including diminished performance at
elevated temperatures, lower cycle performance, poor power density, and safety issues.
Owing to SCs’ safety, electrochemical researchers are consistently striving to advance the
study to boost the ED in supercapacitors for commercial use [7], given that their ED is not
competitive with batteries and fuel cells. Accordingly, Figure 1a shows the Ragone plot
of fuel cells, which are observed as high-energy storage materials, while supercapacitors
are regarded as high-power devices, and batteries exist between them. Recently, the
application of high-charge storage in SCs has been the primary focus of electrochemistry-
based scientists [4,8]. The reason SCs are being explored as battery substitutes is because
they store energy electrostatically, which takes place promptly at the electrode/electrolyte
interface or via redox processes at the electrode interface [9–11].

Figure 1. (a) Ragone plot for the capabilities of various energy storage devices (reproduced with
permission from [8]). Copyright 2023, Elsevier. (b) Schematic diagram of supercapacitor working
mechanism (reproduced with permission from [12]). Copyright 2022, John Wiley & Sons, Inc.
(c) Schematic diagram of working of (i) EDLC and (ii) PC supercapacitor (reproduced with permission
from [13]). Copyright 2023, Royal Society of Chemistry. (d) The charge storage mechanism of the
hybrid supercapacitor (reproduced from [14]). Copyright 2020, Elsevier. (e) GO and rGO chemical
structures (reproduced with permission from [15]). Copyright 2023, Elsevier.

Figure 1b schematically shows that SCs consist of two electrodes separated by an
ion-permeable membrane. Current collectors and an electrolyte are also used [12]. SCs can
be divided into two types based on their configuration, i.e., symmetric and asymmetric.
Symmetric SCs contain an identical electrode (both the positive and negative electrodes
are made of the same materials), whereas asymmetric SCs contain dissimilar electrodes
(positive and negative electrodes of different materials). The charge storage properties of
SCs are significantly impacted by the type of electrolyte, which can be classified as either
aqueous or non-aqueous. Charge storage is achieved through the active electrodes, which
are facilitated by electrolytes. Aqueous electrolytes are capable of attaining high capacitance
and conductivity [16]. Aqueous electrolytes, which are inexpensive and environmentally
benign, are ideally suited for SCs on account of their high conductivity and capacitance. The
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electrode material is the most important component in supercapacitors and has received
substantial attention. The design of electrode materials, which constitute the most crucial
component of energy storage systems, plays a pivotal role in deciding electrochemical
performance [17]. Hence, it is essential to fabricate electrode materials with the requisite
composition to create high-performance devices for supercapacitor applications [18,19].
On the other hand, the separator is a component that is used in supercapacitors to separate
electrode materials (cathode and anode) against a short circuit. It is present in the form
of a porous structured membrane to facilitate the transfer of ions [20,21]. Based on the
electrochemical reaction, SCs can be classified as an electrochemical double-layer capacitor
(EDLC) or a pseudocapacitor (PC) [22–24]. An EDLC derives its capacitance from charge
separation at the interface between the electrode and electrolyte. In contrast, a PC (redox-
type capacitor) utilizes charge-transfer pseudocapacitance generated by reversible faradaic
redox reactions that take place at the surface of the electrode material and electrolyte [4,25].
Materials for electrodes of the EDLC types include graphene, carbon aerosol, activated
carbon, porous carbon, carbon fibers, carbon nanotubes (CNTs), etc. [26–31]. Electrode
materials of the PC type are classified as conductive polymers, metal oxides, metal carbides,
metal chalcogenides, metal sulfides, conducting MOFs, etc. [32–38].

Based on the differences in the energy storage process, SCs may be classified as EDLC,
PC, and hybrid SCs [39–42]. To store charges, the EDLC mechanism depends on electrolyte
ion adsorption–desorption at the interfaces or internal pores of materials, as shown in
Figure 1c (i). The storing charges in the EDLC mechanism are produced by a physical
adsorption process free of any redox reaction [13]. PC goes through a fast and reversible
faradaic process on electrodes to store energy, and the charge storage mechanism is caused
by a shift in the valence state of a component in the electrode caused by electron transport,
as shown in Figure 1c (ii) [43]. On the other hand, hybrid SCs exhibit both charge storage
mechanisms [44]. Hybrid supercapacitors are divided into asymmetric and symmetric SCs.
To this degree, the asymmetric SCs’ two-electrode system has a distinct electrode material
that may take advantage of multiple voltage windows to optimize the device’s operating
voltage and attain a higher ED [38,45]. The two-electrode system of symmetrical SCs uses
an identical electrode material, is simple to build, and is inexpensive [30,46]. Figure 1d
depicts an asymmetric hybrid electrode system with battery-type cathode electrodes and
double-layer anode electrode materials. The activated carbon (AC) electrode’s high cycle
stability and the capacitance of LiNi0.03Mo0.01Mn1.96O4 (LNMMO) contribute to this [14].
However, the conductivity of the electrode may vary depending on whether the anode
and cathode materials possess comparable characteristics. Table 1 shows a comparison of
EDLC, PC, and hybrid SCs.

Table 1. Comparison of EDLC, PC, and hybrid capacitors [24,44].

EDLC PC Hybrid

Carbon-based materials are utilized as
electrode materials.

Metal oxides and conducting polymers
are utilized as electrode materials

Electrode materials are used as both
carbon and metal

oxides/conducting polymers.
The charge storage mechanism is via the

non-Faradaic process (electrochemical
double-layer formation).

The charge storage mechanism is via the
Faradaic process (redox reactions).

The charge storage mechanism is via both
Faradaic and non-Faradaic processes.

It has low energy density, good rate
capability, cyclic stability, and low

specific capacitance (Cs).

High energy density, high power density,
low rate capability, and high Cs.

With high energy and power density and
good cyclability, the system could have a
low or high cost, which depends on the

design of electrode materials and
modest stability.

Electrodes for supercapacitors have not exhibited significant efficiency despite re-
cent developments in the synthesis of metal oxide materials due to their exhibiting poor
efficiency, low capacitance, and low cycle stability throughout the redox reaction as a
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result of their low electrical conductivity and surface area [47,48]. This may restrict their
applicability to PCs in the industrial sector. Hence, the configuration of an innovative
composite electrode material, characterized by exceptional electrochemical properties and
a synergistic effect among various electrode materials, has garnered significant attention
from an extensive array of scientific investigations. Consequently, it is pragmatic to accept
that the combination of metal oxides and carbonaceous materials in SCs can produce
favorable ED and PD. Due to its high surface area (2630 m2 g−1), mechanical stability, zero
band gap, thermal conductivity, and electrical conductivity, graphene is an effective active
material [49–51]. Due to their superior chemical stability and electrical conductivity in
comparison to metal oxide electrodes, their popularity has been progressively increasing.
It is a two-dimensional carbon allotrope family with a hexagonal lattice of atomic size.
Chemical decomposition of graphite, epitaxial growth, chemical vapor deposition, and
other processes have been utilized to produce graphene. Among these techniques, me-
chanical cleavage holds promise for the synthesis of high-quality graphene, while chemical
methods have the potential to enhance graphene productivity. Graphene oxide (GO),
which is a member of the graphene family, has a lower surface area than graphene. GO
is a honeycomb-structured carbon material formed by the single-layered arrangement of
carbon atoms with sp2 bonds [52]. GO demonstrates a high specific capacitance (Cs) as a re-
sult of the abundance of oxygen-functional groups on its surface. This phenomenon results
in an enhanced attraction of water towards GO, whereas graphene exhibits the opposite
effect due to its oxygen functional group deficiency [53,54]. GO is more hydrophilic in
water than graphene, making it easier to composite with other materials. This improves the
electrochemical performance and makes it more useful in supercapacitor applications [55].
In SCs, GO is regarded as a more viable alternative to graphene due to its lower cost
and superior performance. Graphene possesses remarkable conductivity and mechanical
stability, rendering it a viable material for active materials. However, achieving high ED
and power density (PD) with pure carbon materials for SCs is challenging. Nevertheless,
their excellent surface area and superior conductivity continue to be crucial factors in
developing high-performance SCs.

Recently, interest in graphene oxide-based electrode materials for supercapacitors has
gradually increased [15,56,57]. GO was synthesized in the 19th century by the methods
of Brodie, Staundenmaier, Offeman, and Hummers [15]. GO is a graphene derivative
that can be directly synthesized from graphite material. Chemical modification is used to
add oxygen-containing functionalities to GO, including hydroxyl, carboxyl, epoxy, and
carbonyl groups. rGO is produced by reducing GO employing chemical, mechanical,
thermal, and green procedures to eliminate the oxygen functional groups. A significant
distinction between GO and rGO is brought about by the concentration of the oxygen
functional groups [15]. GO’s and rGO’s chemical structure are illustrated in Figure 1e. GO
is hydrophilic because oxygen functional groups are present on its surface. Due to the
intolerable nature of complete reduction, rGO demonstrates a partially hydrophilic nature.
GO is an outstanding material for energy storage due to its high conductivity, mechanical
properties, specific surface area, and stability in basic and acidic environments [58]. By
utilizing the structural and chemical variety of oxygenated functional groups, the physico-
chemical properties of GO can be effectively modified to achieve the desired properties for
energy storage applications [59].

Recently, reviews on using graphene and GO-based composites in supercapacitor
applications, including GO, AC/graphene, graphene/vanadium, graphene-based gels,
graphene/nano cellulose, graphene/metal oxide, GO/MXenes, metal oxide/rGO, rGO/
cellulose, iron oxide/graphene, rGO/polypyrrole, GO/MOFs, LDHs/rGO, GO-based aero-
gels, and poly(cyclotriphosphazene)/GO, have been published [15,49,60–75]. In contrast,
this review focuses on several types of materials, including metal oxides, metal sulfides,
metal chalcogenides, MOFs, and MXene composites with GO, as well as fluorine, bacte-
ria, and other organic functionalization with GO. It discusses their synthesis, as well as
their surface, structural, and morphological properties for supercapacitor applications.
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GO-based composites’ synthesis conditions, time, and cost were thoroughly provided. In
addition, their Cs, resistances, rate capability, cycle stability, energy, and power density
for the application of supercapacitors were discussed, and the electrochemical results of
the various GO composites utilizing three- and two-electrode setups were tabulated for
the reader’s ease of access. To assist researchers in examining the properties of electrode
materials for use in supercapacitors, earlier work using DFT calculations is also reviewed.
Figure 2 shows the maximum Cs of GO and its composite made of various materials for
application in supercapacitors, as measured by GCD in recent studies.

Figure 2. Schematic diagram of GO and its composite, showing the highest specific capacitance (Cs)
measured by galvanostatic charge–discharge (GCD) for the supercapacitor application.

2. Synthesis

2.1. Fluorine-Functionalized GO

Fluorine’s (F−) strong electronegativity makes it possible to tweak and adapt graphene’s
characteristics via fluorination. The fluorinated graphene-based materials exhibit increased
electron transport kinetics to this extent, and since this functionalization creates defects on
the graphitic surface, it may change the electrical properties of the graphene surface [76,77].
Thus, for the application of SCs, Sim et al. synthesized fluorine-functionalized graphene
oxide (FGO) via plasma treatment [77]. In this procedure, GO was synthesized using
chopped graphite fibers using Hummer’s method. The chemical reaction occurred in the
presence of potassium permanganate (KMnO4), sulfuric acid (H2SO4), and sodium nitrate
(NaNO3) in a cold bath. The reaction required five days to complete after the ice bath was
removed and replaced with water. Hydrogen peroxide (H2O2) was employed to terminate
the reaction, and GO was obtained through multiple washes with water. GO was subse-
quently functionalized with fluorine using a plasma reactor developed in-house. Plasma
was generated in this procedure utilizing nitrogen (N2), nitrogen trifluoride (NF3), and
hydrogen (H2) as plasma gases via a dielectric barrier discharge reactor. NF3 was utilized
as the F-radical-generating gas in the reactor, and by acting as a catalyst, H2 caused NF3 to
dissociate. When the reactor was consistently supplied with GO and plasma gases, FGO
was generated. The morphology, surface area, and crystalline characteristics are significant
factors that may greatly influence the electrochemical performances of electrode materials.
Hence, it is important to thoroughly analyze and study the characteristics of electrode
materials to determine their suitability in supercapacitor applications. Accordingly, the
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FGO morphology revealed very thin layers with interspaces, while GO seemed to be ruffled
and flake layered structures. In addition, it could be either due to the morphology of GO or
due to its having very few pores that it has a low surface area of 3.1 m2 g−1, and accordingly,
no significant surface area was found on FGO (3.7 m2 g−1). The use of an in-house plasma
reactor for the functionalization of fluorine on GO may require highly skilled workers and
entail significant expenses due to using gases, electrodes, and Teflon coating in the reactor
for corrosion prevention by NF3, and FGO may be produced on large scales using this
plasma reactor. Figure 3a (i and ii) illustrates the schematic design of the FGO production
process and a photo image of the fluorine plasma treatment reactor.

2.2. GO-Metal Oxides

TiO2 may create oxygen vacancies, which function as redox centers and improve
the capacitive properties. Additionally, it is environmentally friendly, easily synthesized,
electrically conductive, and has high pseudocapacitance. Further, the capacitance, high
conductivity, and redox activity of TiO2 can be enhanced by doping of other metal oxides.
In light of this, El-Shafai et al. recently created GO@TiO2 and doped it with several metal
oxides (MgO, SiO2, Co3O4, and V4O7) for use in supercapacitors [78]. Initially, TiO2 was
doped on GO using the reflux technique. After obtaining GO@TiO2, it was combined
with other nanoparticles (GO@TiO2-NPs) to produce GO@TiO2-MgO, GO@TiO2-SiO2,
GO@TiO2-Co3O4, and GO@TiO2-V4O7 by grinding and a two-hour ultrasonication process.
Figure 3b schematically depicts the reflux process used to produce the GO composite
with TiO2, followed by the composite of different nanoparticles to the GO@TiO2. The
produced composite particles have an aggregated form and a spherical shape on the GO
sheet. All composite particles were highly crystalline except for GO@TiO2, which showed
low crystallinity. The introduction of additional nanoparticles with GO@TiO2 may have
been influenced by the high crystallinity. However, the composite’s preparation through
physical grinding led to morphological damage and raised the possibility of bulk structure.
This approach may seem straightforward. Still, the synthesis of different metal oxides and
subsequent composites makes this kind of synthesis quite expensive.

The energy storage sector has focused much attention on activated carbon (AC) be-
cause of its unique surface area, porous structure, and surface functional groups. Also,
supercapacitors have considered transition metal oxides (TMOs) as potential electrode
materials; their charge storage mechanisms are predicated on pseudocapacitance. There-
fore, Veeresh et al. designed two types of nanocomposites for the use of supercapacitor
application: AC-GO-SnO2 and AC-GO-TiO2-Zn, which incorporate AC-GO with SnO2
and TiO2-Zn, respectively [79]. By combining carbon materials with conducting graphene
and TMOs, the electrochemical properties of GO can be enhanced. Initially, AC was made
in a muffle furnace using charcoal under 800 ◦C for 2 h. Then, GO was produced using
a modified Hummer’s process using graphite powder. Later, nanocomposites AC-GO-
SnO2 and AC-GO-TiO2-Zn were produced in water and thiourea reaction media using
the hydrothermal technique at 180 ◦C. A schematic representation of the synthesis of AC
from charcoal via chemical activation at 400 ◦C and the preparation of an AC-GO-SnO2
composite via hydrothermal methods is depicted in Figure 3c. To produce AC-GO-TiO2-Zn,
the same hydrothermal method may be used. Typically, the morphologies of nanoparticles
or composites produced via hydrothermal techniques are well-structured. However, in
this procedure, the synthesized AC-GO-SnO2 and AC-GO-TiO2-Zn morphologies were
found to be aggregated and irregular spherical morphologies solely due to AC showing an
aggregated and planar structure. A hydrothermal process is used to prepare these com-
posites’ highly hybrid structures. However, the purity of the composites was found to be
quite poor, as shown by a large number of dust particles on the composite’s morphology. A
poor crystalline structure was also seen in the composites that were formed, which may be
attributed to the low crystallinity of AC. The composite may have a relatively low surface
area as a result of the aggregated morphologies and poor crystallinity. This synthesized
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nanocomposite may be a simple and modest cost, but there are multiple processes, and a
time-consuming technique may be seen.

Recently, Abdallah et al. created a ternary composite form of activated carbon-GO-
TiO2 (AC-GO-TiO2) for supercapacitor use [80]. According to the synthesis, AC was
originally produced by calcining H2SO4-treated corncob powder at 600 ◦C in a muffle
furnace. Then, using corncob powder, GO was made via a modified Tour method. To
make charcoal, corncob powder that had been diluted and treated with HCl, along with
0.1 N NaOH, was combined with H2SO4 and autoclaved for 8 h at 90 ◦C. The resulting
charcoal was subsequently treated in an ice bath with H2SO4 and H3PO4, after which
KMnO4 was added gradually. After forming a reddish-brown hue, water was introduced
into the solution, followed by the dropwise addition of 30% H2O2 to obtain a GO. Finally,
the ternary composite was created by combining AC, GO, and TiO2 with PVDF as an
electrode for the supercapacitor. The morphologies of AC-TiO2-GO were observed to be the
GO sheet, and TiO2 particles were deposited on the surfaces of AC, which blocked most of
the pores. Following composites, the morphology of AC was found to be fluffy. During this
technique, the level of crystallinity was reduced, but the surface area of the composites with
AC increased at each stage. AC, AC-TiO2, and AC-TiO2-GO exhibited surface areas of 212.5,
344.5, and 439.2 m2 g−1, respectively. The decrease in crystallinity might be attributed
to the amorphous nature of GO or perhaps its low quality. The AC-TiO2-GO composites
obtained were inexpensive. However, the synthesis of AC from corncob using chemical
activation and the synthesis of GO from corncob using the modified Tour method can be
costly due to the multi-step process, the use of multiple organic compounds, and the lack
of an environmentally friendly approach.

Copper oxide (CuO) has shown that low conductivity and rapid capacitance drop can-
not be used in a supercapacitor application as a consequence of the chemical ion insertion
or extraction process causing CuO crystal structure degradation [81,82]. To address this
concern, composites of CuO with other metal oxides and carbon materials may be able
to solve the CuO issue in supercapacitor applications. Accordingly, El-Shafai et al. devel-
oped a composite of GO with CuO, CuO/ZnO, CuO/TiO2, and CuO/ZnO/TiO2 using
a simple procedure [82]. To create GO-CuO, CuO nanorods were produced by reacting
CuSO4·5H2O with 1.0 M KOH in ethanol. Hummer’s technique was used to synthesize
GO, which was then composited with CuO (GO-CuO) by reacting it with CuSO4·5H2O
and adding 1.0 M KOH at 90 ◦C for 3 h. GO-CuO/ZnO nanorods were produced by
reacting Zn(CH3COOH)2·2H2O with 1.0 M NaOH in ethanol. The resulting ZnO was
then composited with GO-CuO under ultrasonic agitation for three hours to create GO-
CuO/ZnO. For GO-CuO/TiO2, TiO2 was first produced using the reflux technique with
titanium (IV) isobutoxide. The produced TiO2 was then ultrasonically mixed with GO-CuO
for 2 h to produce GO-CuO/TiO2. Finally, a mixture of GO and all nanoparticles was
subjected to a straightforward ultrasonication process to generate GO-CuO/ZnO/TiO2.
This approach included the observation of nanorod morphologies of CuO, ZnO, and ag-
gregated TiO2 irregular particles on a GO sheet. The structure of GO was found to be
amorphous. However, the composite of CuO, ZnO, and TiO2 resulted in an enhanced crys-
tallinity of GO compared to CuO alone, as well as CuO/ZnO composites on GO. Therefore,
the number of distinct nanoparticles has the potential to enhance crystallinity. Ternary
compounds with structured morphologies and crystalline structures have the potential
to be materials with a significant surface area. These synthesis processes seem relatively
straightforward; nonetheless, synthesizing numerous metal oxides and composites with
GO may be time-consuming.
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Figure 3. (a) Synthesis procedure of (i) FGO and (ii) Photograph image of fluorine plasma treat-
ment system for FGO synthesis (reproduced with permission from [77]). Copyright 2022, Else-
vier. (b) GO@TiO2-x composite (reproduced with permission from [78]). Copyright 2023, Elsevier.
(c) AC/GO/SnO2 composite (reproduced with permission from [79]). Copyright 2023, Elsevier.
(d) NMGO composite (reproduced from [83]). Copyright 2023, Elsevier.

The CuFe2O4 nanoparticles (anode material) have been attracted to the design of
supercapacitor devices due to their ease of availability and environmental friendliness [84].
However, CuFe2O4 particles are hardly used for supercapacitor applications due to their
low conductivity, which quickly weakens capacitance. Furthermore, heteroatoms like
nitrogen (N), sulfur (S), phosphorus (P), and boron (B) may significantly influence the
electrical characteristics of GO, resulting in rapid ion diffusion at the electrolyte–electrode
interface and a considerable amount of charge storage. Therefore, the best approach could
be to use N-doped GO to enhance the capacitance characteristics of CuFe2O4. Accordingly,
Lashkenari et al. studied NGO composited with CuFe2O4 nanocomposite by hydrothermal
methods [85]. For this approach, they first created GO using Hummer’s method. Later,
N was doped into GO (NGO) and employed by thermal breakdown procedure under the
reaction of urea at 350 ◦C for 30 min in a tubular furnace. Furthermore, NGO/CuFe2O4
was created using the hydrothermal technique. As a result, the produced NGO was reacted
with ferric chloride hexahydrate and copper (II) chloride dihydrate in ethanol while stirring.
A total of 6.0 M of NaOH was used to adjust the pH of the solution to 12, and the solution
was then autoclaved at 180 ◦C for 24 h to produce a composite NGO/CuFe2O4. Due to
thermal expansion during the thermal decomposition process, the GO’s sheet shape became
wrinkly after N doping, and rough surfaces were found. For structural stability, it could
be preferable to dope N on GO surfaces using low-temperature processing. CuFe2O4 is
produced using a hydrothermal method, which results in the formation of nanocubes on the
NGO sheet. Upon a blend with CuFe2O4, it was found that the crystallinity of the NGO was
improved. The surface area of this composite may be substantial owing to the nanocube
structure of CoFe2O4 and the NGO sheet. This approach might be expensive because of
the several steps involved, such as the synthesis of GO using different organic compounds,
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thermal breakdown to dope a heteroatom into GO, and, finally, the hydrothermal procedure
for composite formation.

Fe3O4 is one of the metal oxides used for supercapacitors due to its low toxicity,
simple preparation, cost-effectiveness, high capacitance, and wide range of operational
windows [86]. However, its conductivity is low, which hinders the rapid electron transfer
in the electrode materials. On the other hand, sodium tungstate (Na2WO4) has a high
electrochemical redox property and a high conductivity, and it has the potential to be used
in the enhancement of the characteristics of Fe3O4. In addition, ionic liquids (ILs) are
used as an efficient electrode material for supercapacitors. These liquids possess a variety
of distinctive characteristics, including high electrical conductivity and a broad range of
electrochemical window functioning. Due to this, Dalvand et al. studied GO-modified
Fe3O4 on IL@tungstate (GO/Fe3O4-IL@W) to develop a supercapacitor [58]. Consequently,
IL was produced through a reaction involving 1,4-diazabicyclo [2.2.2] octane (DABCO),
1.0 mmol of 3-(chloropropyl) trimethoxy silane, and sodium iodide in methyl formamide at
120 ◦C under N2 atmosphere for 48 h. Then, GO/Fe3O4@IL was produced by combining
ammonia, FeCl2·4H2O (0.75 g), and FeCl3·6H2O in a toluene solution at 80 ◦C. GO/Fe3O4
was acquired via aqueous rinsing after the reaction. IL and GO@Fe3O4 were additionally
combined with TEOS and DMF/H2O at 80 ◦C while agitating to produce GO/Fe3O4@IL.
A product of GO/Fe3O4-IL@W was subsequently produced by combining Na2WO4 with
GO/Fe3O4@IL while agitating for 24 h. After functionalization of Fe3O4-IL-W, the GO sheet
was folded, indicating that the sp3 defect was caused by the introduction of oxygenated
groups into the GO surfaces, and the spherical shape of Fe3O4 and W particles may be
adsorbed randomly on GO surfaces. However, the cloud of particles was found to be low
on the GO surfaces, whereas the composite exhibits a highly crystalline structure owing
to the crystalline properties of Fe3O4 and W. Based on the morphologies and crystalline
properties, this composite may have a moderate surface area. This process incurs significant
costs due to the observation of numerous processes and the use of numerous compounds
in the synthesis of a composite.

Due to its strong electrochemical stability, pseudocapacitive behavior, and outstanding
electrical conductivity, bismuth oxide (Bi2O3) has received a lot of attention as a material
for supercapacitors [87]. It may also be used instead of traditional carbon materials to
increase the Cs and high energy density of supercapacitors. The electrochemical reaction
and electrochemical capacity are hampered, nonetheless, by the particle agglomeration.
One potential solution to address the issue is to include highly electrically conductive
elements in Bi2O3. Thus, Hounkanrin et al. recently created a Bi2O3-GO composite by
using a microwave process [88]. This compound is very easy to synthesize from raw
materials, such as sugar and pentahydrate bismuth nitrate. The mixture was thereafter
transferred to a glass beaker and heated for 120 s at 600 W in a microwave oven. Following
this procedure, the powder was crushed and heated to 450 ◦C to produce the yellow Bi2O3-
GO composite product. In this study, sugar was used as a source for GO. This method yields
high-purity composite particles. GO morphology revealed sheet and layered structures but
collapsed following composite with Bi2O3 at 600 W for 120 s. Increasing Watts (800 W) and
time (90 s and 120 s) strongly impacted morphologies. Thus, a microwave under 600 W
with a short processing time is best. Elevated crystallinity was observed as a result of
the composite’s high purity. As a result of the dominance of Bi2O3 on GO surfaces, no
GO peaks were witnessed. Additionally, the highly crystalline and purity levels of this
study might account for its high surface area. Using a microwave to create a composite or
nanoparticle might be a relatively straightforward process.

A composite material consisting of NiO, MnO2, and GO (NiO/MnO2/GO) was re-
cently created by ultrasonication for the supercapacitor application [83]. To this degree,
Tour’s approach was first used to produce GO for the composite preparation. Secondly,
NiO was subsequently synthesized via co-precipitation using nickel chloride hexahydrate
at a pH of 10. Thirdly, MnCl2·4H2O was employed in the co-precipitation process to pro-
duce MnO2. The various ratios of prepared materials, including GO, NiO, and MnO2, were
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mixed with water and ultrasonicated for two hours to make a NiO/MnO2/GO (NMGO)
hybrid. Figure 3d shows a schematic diagram that illustrates the NMGO composite for-
mation using sonication. The shape of GO was found to be a thin nanosheet layer, and
the very dense particles were completely adsorbed on the GO surfaces after they were
composited with NiO and MnO2. However, nanoparticles on the GO sheet did not exhibit
any noticeable shape. Electrostatic interaction or other chemical bonds might be the mecha-
nism by which the adsorbing nanoparticles bind to GO. When compared to other chemical
techniques, this study might be advantageous to producing GO-based composites without
the use of solvents or organic media. The shape of the particles showed that the study was
unable to produce particles of high purity on GO surfaces. A low crystalline NiO/MnO2
peak and a strong crystalline GO peak were noticed since GO was the dominant compo-
nent [89]. It was determined that the produced GO and nanoparticle may have high and
poor purity, respectively, by analyzing their crystalline structure. Following the composite
with NiO/MnO2, the surface area of GO increased due to the high surface-to-volume ratio
of nanoparticles. Accordingly, the surface areas of GO and NMGO were observed to be 94
and 102 m2 g−1, respectively. This ultrasonication process for making composites is very
easy, quick, and cheap.

Abdolahi et al. recently synthesized a hierarchical Ni0.5Co0.5WO4 (NCWO4)/f-MWCNTs/
GO via a hydrothermal technique [90]. NCWO4 was produced using a hydrothermal
process at 220 ◦C for 12 h using trisodium citrate, water, cobalt chloride, and nickel chloride
precursors. Following the synthesis, the procured GO and functionalized multi-walled
carbon nanotubes (f-MWCNTs) were disseminated in water using sonication. The prepared
NCWO4 was added to the solution while continuously sonicating for 2 h to create the
composite NCWO4/f-MWCNTs/GO. Through the use of this procedure, NCWO4 was
shown to have an urchin-like morphology and to be heavily adsorbed randomly on a
composite made of GO thin sheet and f-MWCNTs in the form of wires. The electrostatic
interaction between NCWO4 and f-MWCNTs/GO may be the cause of the adsorption.
However, the clouds of urchin-like structure were low on the f-MWCNTs/GO. To enhance
clouds, the NCWO4 ratio must be optimized. Furthermore, it was noted that the composite
NCWO4/f-MWCNTs/GO had low crystallinity, perhaps as a result of low NCWO4 purity.
As a result, high-purity composite particles could not be produced via this synthesis method.
The predominance of NCWO4 resulted in the appearance of the majority of crystalline
peaks, while f-MWCNT and GO exhibited only two peaks. To increase the surface area of
NCWO4/f-MWCNTs, GO is introduced. As a result, NCWO4/f-MWCNTs/GO had more
surface area (172.2 m2 g−1) than NCWO4@f-MWCNTs (146.4 m2 g−1). The surface area of
the composite may be enhanced due to the high porosity of GO. Lastly, procuring GO and
f-MWCNTs may be costly, and the many steps involved make the process time-consuming.

Similarly, a manganese ferrite (MnFe2O4)/GO composite was produced using a mod-
ified Hummer technique [91]. In this process, MnFe2O4 was initially produced via co-
precipitation utilizing precursors Fe(NO3)3 and Mn(NO3)2 in the presence of KOH to
modify the pH to 12 at 70 ◦C, after which the sample was calcinated at 600 ◦C. Furthermore,
synthesized MnFe2O4 was mixed with GO, which was made using Hummer’s method to
create a MnFe2O4/GO hybrid. The modified Hummer’s approach demonstrates heavily
adsorbed fine spherical MnFe2O4 on GO’s stacked sheet. The stacked morphology may
improve the electrochemical reaction rate by allowing ions access to high electroactive
sites in the electrode materials. It is noteworthy that the co-precipitation-synthesized mor-
phology of MnFe2O4 showed high stability since the synthesized nanoparticle composites
with GO by Hummer’s technique did not significantly alter their morphology. However,
MnFe2O4 and GO were found to have low and high purity, respectively. Therefore, the
MnFe2O4 and GO were found to have a low and a highly crystalline structure, respectively.
After compositing with GO, MnFe2O4 crystallinity enhanced significantly. The composite
synthesis using a modified Hummer’s method may increase MnFe2O4 powder purity.
The combination of dense MnFe2O4 nanoparticles and thin GO sheets may have a high
surface area. Making this composite seems like a simple, low-cost way to make an electrode
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for a supercapacitor. In another investigation, GO-modified graphite felt (GF) was hy-
drothermally combined with MnO2 to form GO/GF-MnO2 [92]. In this procedure, GF that
had been treated with sulfuric acid, water, sodium nitrate, and nitrate was functionalized
with GO (GO/GF) using Hummer’s method at a reaction temperature of 180 ◦C for 12 h.
The hydrothermal method was employed in the synthesis of GO-GF/MnO2. In this step,
KMnO4, MnSO4, and GO/GF were added to water and agitated for five minutes. They
were subsequently transferred to an autoclave for a 12 h reaction at 140 ◦C to acquire
the composite. The high-purity GF was found to have a cylindrical tube structure and
hydrothermally produced a sheet-like structure with uneven development on its surface
after MnO2 modification was found. On the other hand, MnO2 with GO composite on GF
using the same technique exhibits rod forms that are almost covered on the GF surfaces.
Consequently, the shape of MnO2 changes when it is combined with other materials. As a
result of GF’s predominance, the composites exhibit a single peak corresponding to GF/GO;
no peaks of significance were detected for MnO2. The broad appearance of the crystalline
peaks suggests a low degree of crystallinity. The synthesized composites, MnO2-GO/GF,
may have a greater surface area than MnO2/GF because of the high clouds of MnO2/GO
nanorods produced on GF when compared to the uneven sheet shape of MnO2. Due to
the procurement of GF and the multiple processes required to synthesize the composite
and its application in batteries, the synthesis procedure may be moderately expensive.
Nevertheless, the synthesized composite has the potential to be utilized in supercapacitors.

The heterojunction structure of transition metal oxides (TMOs) has the potential to
enhance the material’s overall conductivity through favorable electronic effects [93]. As
a result of its advantages, chemical stability, low cost, and simplicity of synthesis, Cu2O
has been the subject of extensive research as a supercapacitor material [94]. CoO has a
favorable theoretical capacitance and is made from cost-effective materials. To further
optimize the electrochemical characteristics, metal oxide composites may incorporate
carbon-based materials recognized for their exceptional electrical conductivity. For this
reason, Yu et al. utilized hydrothermal methods to produce Cu2O-CoO composited with
GO (Cu2O-CoO/GO) to investigate supercapacitors [95]. Therefore, the precursors CoCl2
and CuCl2 were added to water together with the synthesized GO solution, and the mixture
was agitated for 10 min before KOH was added. The combination was then placed in
an autoclave to undergo a reaction for eight hours at 160 ◦C, producing black powder.
Moreover, they were calcined for two hours at 350 ◦C in an N2 environment to produce
Cu2O-CoO/GO. Formed like a folded sheet, the Cu2O/GO shape was seen, but the Cu2O
on or with GO could not be recognized. In contrast, irregular CoO particles can be found
on GO. Additionally, particles of spherical-like Cu2O-CoO are visible on GO. Consequently,
the hydrothermal method exhibits particle formation on GO exclusively under conditions
involving CoO and Cu2O-CoO. In comparison to CoO/GO, the samples of Cu2O/GO and
Cu2O-CoO/GO may have a higher purity because CoO/GO lacks a smooth morphology.
Therefore, Cu2O/GO and Cu2O-CoO/GO were found to have a high crystallinity. These
materials may also have a high surface area. The process for producing this kind of
composite via hydrothermal means is simple and inexpensive.

Tungsten oxide (WO3) has drawn a lot of interest because of its benefits, which include
cheap cost, many oxidation states, fast ion insertion characteristics that enable electro-
chemical activity, significant absorption in different electrolytes, and good ion transport
properties. Therefore, using hydrothermal methods, Shembade et al. investigated the use
of supercapacitors on the GO/WO3 composite [96]. GO was first produced via this process
using a modified version of Hummer’s technique from graphite flakes. The various per-
centages (5, 10, and 15%) of GO were then hydrothermally synthesized to form a composite
with WO3. Thus, 0.1 M sodium tungstate was dissolved in water. HCl and H2O2 were
added to the aforementioned solution and served as pH adjusters and reducing agents,
respectively. GO was subsequently added to the solution, which was sonicated for a few
minutes before being transferred to an autoclave for a 12 h reaction at 180 ◦C; after drying
and rinsing the solution several times with ethanol and water, a GO/WO3 composite
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was obtained, and finally, it was annealed at 500 ◦C. GO/WO3 nanorod hybrids were
observed via this method; as the ratio of GO to WO3 was increased, thus were the particle
sizes and minor morphological changes. The high degree of hybrid formation hinders the
identification of WO3 particles and GO sheets based on their morphologies. We found
that after increasing the GO ratio from 5% to 10%, the crystallinity of WO3 significantly
decreased due to the dominance of GO. As a result, optimization studies on crystalline
and morphological properties are of critical importance. According to the morphology and
crystalline characteristics of GO/WO3, all composites have the potential to be very pure.
Because 10%GO/WO3 has a strong crystalline quality, the surface area was calculated and
found to be low at 33.9 m2 g−1. The low surface area of the composite may be due to the
lack of pores on its surfaces. This procedure appears to have a moderate cost and allows
for the synthesis of fine-sized particles with high purity, as well as the synthesis of highly
hybrid particles through systematic investigation.

Carbon-based materials (GO or CNT) typically have problems with self-aggregation,
which results in poor electrochemical performances [97]. Consequently, using carbon-based
materials that can be composited with metal oxides has improved supercapacitor perfor-
mance. Consequently, because of its exceptional electrochemical reversibility, high conduc-
tivity, capacitance value, and cycle efficacy, cobalt ferrite (CoFe2O4) is primarily used in su-
percapacitors. To enhance the electrochemical performance in supercapacitor applications,
Verma et al. investigated a composite CoFe2O4 with GO/CNT (GO/CNT/CoFe2O4) [97].
Initially, Hummer’s technique was adapted to synthesize GO for this procedure. Second,
cobalt nitrate hexahydrate and ferric nitrate nonahydrate were combined with glycine to
produce CoFe2O4 using the solution-combustion technique. A precipitate of black cobalt
ferrite was produced by undergoing a reaction in water at 80 ◦C; this precipitate was
subsequently calcined at 800 ◦C to yield CoFe2O4. Using this solution-combustion method
to produce nanoparticles could be an inexpensive and straightforward process. Composites
were synthesized utilizing a simple stirring method. Further pure composites were ob-
tained by combining varying weight percent (wt.%) of GO, CNT, and CoFe2O4 with water
while agitating for six hours. The mixture was then washed with 10% HCl and dried at 100
to 120 ◦C to obtain GO/CNT/CoFe2O4. The morphologies of GO and CNT were found
to be tubes and sheets, respectively. In contrast, GO/CNT/CoFe2O4 shows the tubular
shape of the CNT and the spherical shape of the CoFe2O4 on the GO sheets. On GO sheets,
however, very few CoFe2O4 particulates were observed in comparison to CNTs. Further
optimization of the composite’s ratio is required to achieve a more balanced formation of
all materials. In addition to several crystalline peaks associated with CoFe2O4, the presence
of GO and CNTs is distinguished by a single crystalline peak each. The crystalline quality
of composites serves as an indicator of their purity. The presence of CNTs and CoFe2O4
nanoparticles on GO could potentially account for its considerable surface area. In this
study, a low-cost method was used to prepare the composite. However, it might be more
expensive to use commercial graphite and CNTs, as well as to synthesize GO using the
modified Hummer’s method and CoFe2O4 by the solution-combustion method. Simply
stirring different materials in water may not effectively produce hybrid particles.

2.3. GO-Metal Sulfide

Because of their high van der Waals forces and pi–pi interactions, GO sheets are
bound and layered. By functionalizing nanoparticles with GO surfaces, the degree of GO
layer restacking can be substantially reduced through a blend of GO and transition metal
compounds. In consequence, transition metal sulfides (TMSs) are extensively employed as
potential materials in the field of supercapacitor technology owing to their favorable electro-
chemical characteristics. Furthermore, because their electrochemical properties are superior
to those of TMOs, TMSs are employed in pseudocapacitors. As a result, Chandraraj et al.
have recently investigated the use of a composite of CoS/GO and NiS/GO in a superca-
pacitor application [98]. For CoS/GO, GO that had been synthesized hydrothermally was
composited with CoS. To acquire a CoS/GO composite, they combined GO with CoCl2
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and Na2SO3 in a solution of water and ethanol while agitating. The resulting mixture was
then autoclaved at 190 ◦C for one night. GO was likewise incorporated into NiS/GO via a
hydrothermal process involving NiSO4, NaOH, triacetonamine, and water, followed by its
autoclaving at 175 ◦C for three days. Furthermore, this study did not describe the synthesis
of CoS/NiS/GO. The NiS/GO and CoS/GO composites, made using hydrothermal meth-
ods, had a very hybrid structure. The particles formed a uniform thin coating on the GO
sheets, thereby preventing the nanoparticles from agglomerating. GO sheets retain their
exceptional stability even after composites. However, no discernible nanoparticle form was
seen on GO. In addition, GO’s crystallinity increased after composites with CoS and NiS.
As a result, the produced nanoparticles are very pure and crystalline. These composite
particles may have a modest surface area because they appear as coatings on GO, which is
related to their low porosity rather than their actual particle form. This procedure may be
straightforward, but it may be moderately priced due to the need for multiple syntheses
and the impossibility of mass production.

Similarly, lanthanum (La2S3) and manganese (MnS) sulfides make excellent pseudoca-
pacitive materials because of their cheap cost, strong Cs, and simplicity of production [99].
Additionally, these materials possess high power density, a broad voltage window op-
eration range, and high redox properties due to their diminished electrical conductivity,
low energy density, and poor kinetics during cycle testing. For these reasons, it may be
possible to effectively enhance the voltage window, capacitance, electrical conductivity,
and cyclic stability by combining MnS and La2S3 with carbon-based conducting materials
in the form of a composite. As a result, Mane et al. investigated the composite of MnS
and La2S3 with GO for use in supercapacitors [100]. Consequently, films can be fabricated
using GO dispersed in a water solution in an ultrasonic chamber. By performing 100 SILAR
(Successive Ionic Layer Adsorption and Reaction) cycles on a stainless steel (SS) substrate,
GO film was produced. A MnS film was subsequently deposited onto another SS substrate
using the 90 SILAR cycles method and a solution of MnCl2 and Na2S. For the MnS-La2S3
film, MnCl2 and LaCl3 were dissolved in water following the addition of Na2S. The film
was subsequently coated by dipping the SS substrate in the solution for 90 SILAR cycles.
The 90 SILAR cycle method was employed to fabricate a MnS-La2S3/GO film on an SS
substrate using the identical procedure. Figure 4a illustrates the fabrication process of
composite film using the SILAR method. The application of this film manufactured using
the SILAR method may be straightforward and efficient. The candy-like morphology of
MnS on SS was observed, in contrast to the cotton-like morphology of densely aggregated
particles in MnS-La2S3 composites, which may have a high porosity. The composite of these
particles with GO does not exhibit a discernible MnS-La2S3 morphology. When the porous
cotton-shaped particles interact with GO, they transform into a film or sheet morphology.
Despite this, the morphology of the layered structure of GO following composites appears
unstable. This type of porous morphology may facilitate the adsorption and desorption of
electrolyte ions on electrode materials by providing a large number of active sites, thereby
enhancing electrochemical performance. The considerable enhancement of the surface area
of MnS (47.0 m2 g−1) following composite with La2S3 (82.0 m2 g−1) and GO (156.0 m2 g−1)
is intriguing. It may account for the increase in porosity between composite stages; in
particular, GO, which is a highly porous material, may be the cause. Nevertheless, the
synthesized composites exhibited a decreased degree of crystallinity, which may indicate a
lower degree of purity. The process of anion and cation coating on an SS substrate may
appear straightforward and inexpensive; however, 100 SILAR cycles are required to achieve
a clean coating.
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Figure 4. (a) Fabrication process of MnS-La2S3/GO film (reproduced from [100]). Copyright 2023,
Elsevier. (b) Synthesis scheme for ABQA-GO composite (reproduced with permission from [101]).
Copyright 2023, Elsevier. (c) The schematic diagram for the synthesis of Ni-BTC@GO composite
(reproduced from [102]). Copyright 2023, American Chemical Society. (d) Fabrication of GO-MXene
composite electrode (reproduced with permission from [103]). Copyright 2023, American Institute
of Physics.

2.4. GO-Transition Metal Chalcogenide

Because of its excellent redox characteristics, large surface area, crystal structure, and
electrical conductivity, transition metal chalcogenides, or TMDs, have drawn interest in the
field of energy storage. The benefit of including sulfur and selenium is that they enhance
the metal-to-carbon-based material ion exchange. Thus, carbon materials may be useful
for supercapacitor applications because of the TMDs’ excellent ion exchange capability.
As a result, Yasoda et al. used a straightforward mixing procedure to create a manganese
sulfoselenide (MnSSe) composite with GO (GO-MnSSe) [104]. Consequently, manganese
anodium sulfide was incorporated into GO (GO-SW) using graphite flakes in a modified
Hummer’s process. By agitating a GO-SW in water for a whole night, repeatedly washing
it with ethanol, and drying it at 60 ◦C, the GO-MnS was produced using GO-SW. To prepare
GO-MnSSe, GO-SW and Na2S were dissolved in water, and then a Se compound was added
while continuously stirring. Following the reaction, it was repeatedly washed in ethanol
and dried at 60 ◦C to obtain the composite. The wrinkled appearance of GO-MnS can be
attributed to the potential film-like formation of MnS. On the other hand, finely spherical
MnSSe nanoparticles were observed to form on GO surfaces. The interaction between Se
and MnS to form particles may be the cause of the uneven particle formation on GO surfaces
and the lack of particles on some GO surfaces. Therefore, the ratio of GO to MnSSe should
be optimized to ensure the particle’s uniform formation. Enhancement of ion transport
through energy storage in the structure’s attributes may be contingent upon the number
of nanoparticles present on the GO surfaces, thereby leading to improved electrochemical
performances. Furthermore, the nanoparticles that form between the GO layers potentially
contribute to a favorable conductivity, resulting in enhanced electrochemical performance.

14



Inorganics 2024, 12, 145

Additionally, the low crystallinity observed in both composites may be attributed to the
possibly low purity of the particles acquired in this investigation. Both composites may
have poor surface area due to irregular GO particles and low crystallinity. The synthesis of
this composite might follow a relatively straightforward and quick approach, but since it
involves many steps and takes a lot of time, the process could be quite expensive.

2.5. GO-Layered Double Hydroxide

Layered double hydroxides (LDHs) are synthetic two-dimensional (2D) nanostruc-
tured anionic clays [105,106]. It is an ionic, positively charged brucite structure with
interlayer portions that contain charge compensation anions. It features a multilayer struc-
ture with a large surface area, many active sites, and rich redox characteristics [107]. The
spacing between layers is more favorable to ion deintercalation, and insertion contributes
to illuminating its Cs. Thus, the Cs of GO may be increased by combining it with Co2-Ni1
LDH (GO/Co2-Ni1 LDH) for supercapacitor applications. Thus, Zhao et al. produced
GO/Co2-Ni1 LDH using the reflux technique at 90 ◦C [106]. The mixture of water, hexam-
ethylenetetramine, GO, 2.0 M NiCl2·6H2O, and 1.0 M CoCl2·6H2O was refluxed at 90 ◦C.
After a 3 h reaction, the mixture was washed with water and ethanol to yield a GO/Co2-Ni1
LDH. The sample exhibited a sheet morphology with a wrinkly structure, which may
account for the solid sheet structure of LDHs; it may have exerted a contraction force on
the GO surfaces. On the other hand, the type of composite particles may possess high
conductivity and active sites, allowing for rapid ion movement and efficient adsorption of
electrolyte ions, which is advantageous for high-energy storage. This composite showed
low crystallinity, and the GO/Co2-Ni1 LDH composite showed no GO crystalline peak.
It can be a highly thin sheet of LDH and govern in terms of quantity as compared to
GO. In general, the high-porosity nature of LDHs results in high surface area [108–110].
Accordingly, GO/Co2-Ni1 LDH was attributed to a high surface area (84.6 m2 g−1). The
approach for this composite seems to be low-cost and simple.

2.6. GO-Organic Material

Graphene sheets are experiencing aggregation via the process of stacking two graphene
sheets on top of one other, which results in a large surface area that is not achievable
for high electrical conductivity [111]. On the other hand, GO that has been generated
by the sp3 hybridization of carbon atoms is not conductive and exhibits poor charge
transfer, which contributes to its unstable cycling [112]. Therefore, to solve this problem,
one active method for supercapacitor applications is to increase the performance of GO
materials by including organic molecules as an interlayer in graphene sheets. In light of
this, Biradar et al. produced a composite material called 2,5-bis((3-(6-amino-9H-purin-9-
yl)propyl)amino)cyclohexa-2,5-diene-1,4-dione (ABQA)-GO by using Hummer’s technique,
which was then followed by a chemical approach [101]. The reaction of 1,4-benzoquinone,
3-bromopropylamine hydrobromide, and adenine in dimethyl sulfoxide (DMF) under the
N2 environment was the process that was followed to make ABQA. They were able to
obtain the ABQA using the process of low-pressure distillation. To generate acyl chlorides
of GO surface (G-COCl), the synthesized GO was then combined with SOCl2 and DMF in a
reflux procedure while the environment was controlled to be N2. To produce an ABQA-GO,
G-COCl and ABQA were first reacted into DMF under reflux conditions. This was then
followed by washing in methanol and freeze-drying. Figure 4b depicts the schematic
synthesis of ABQA-GO, which began with graphite and subsequently reacted with SoCl2
to form GO-Cl under reflux. GO-Cl was then organically reacted with ABQA under reflux
to obtain the final product. The synthesized GO was sheet-structured and unsmooth.
However, GO became wrinkled and weakened after ABQA functionalization. It may be
because organic solvents damage GO surfaces during ABQA functionalization. Thus, this
method affects the GO structure when modified or functionalized. Functionalized GO has
poor crystallinity due to bio-inspired organic molecules’ low crystalline characteristics. But,
it slightly enhances the GO’s crystallinity. The strong redox property, quick ion transfer,
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and superior conductivity of ABQA allow the GO to store more charges. In this study, the
use of organic molecules to composite GO in this technique may be both expensive and not
environmentally friendly.

MOFs perform poorly in supercapacitors due to their weak conductivity and elec-
trolyte instability. Trimesic acid, which is readily accessible, stable, and inexpensive, has
been used recently to synthesize neodymium (Nd)-MOF. This material was then combined
with GO for use in supercapacitors [113]. In the media of water and ethanol mixtures,
a GO was composited with Nd-MOF using the hydrothermal technique. Consequently,
trimesic acid and neodymium nitrate hexahydrate were added to the GO-containing mix-
ture above, and the mixture was sonicated to disperse the particles further. The solution
was placed in an autoclave set at 200 ◦C for 12 h. Following the reaction, the precipitate
was repeatedly cleaned with ethanol and water to create composite GO/Nd-MOF. For
Nd-MOF, smooth hexagonal-rod-shaped crystals were seen in this process; these crystals
adhere to GO after compositing with it. However, the MOF crystal is slightly damaged
and unsmooth after the composite. Furthermore, the GO reveals wrinkled and broken
sheet morphology. The composite Nd-MOF/GO demonstrates a strong crystalline property
because of the crystallinity of Nd-MOFs. Fast ion transport to the pores of MOFs/GO and
highly active sites for the adsorption of high electrolyte ions may be made possible by
the combination of the sheet structure of GO and rod-shaped MOFs to allow high energy
storage applications. The high purity of the materials synthesized via this method for MOFs
and their composites may facilitate superior electrochemical performance. Additionally,
MOFs containing GO composites may possess a substantial surface area. The procedure of
synthesizing GO and its composites seems to be low-cost, yields a well-structured MOF
morphology, and produces particles with highly active sites and purity, and it could be a
time-consuming process.

An easy chemical procedure was employed by Chen et al. to fabricate a Ni-BTC
MOF/GO composite [102]. Firstly, GO was synthesized via a modified Hummer’s method.
A subsequent solvothermal reaction was used to produce Ni-BTC MOFs. This was ac-
complished by sonicating a solution of Ni(NO3)2·6H2O, 1,3,5-trimesic acid (BTC), and
2-methylimidazole in DMF. The resulting solution was then transferred to an autoclave
at 170 ◦C for a duration of 48 h. For subsequent use, the obtained particulates were
rinsed with DMF and ethanol. Subsequently, composite GO/Ni-BTC MOFs were produced
by sonicating the reaction of GO in DMF. Following that, 2-methylimidazole, BTC, and
Ni(NO3)2·6H2O were introduced into the GO solution. Additionally, the solution was
autoclaved at 170 ◦C for 48 h to obtain composite. Furthermore, the quantity of GO varied
from 0 to 40 mg when producing a composite for comparison reasons. The schematic
representation of the Ni-BTC@GO process, which involves the hydrothermal reaction of
GO, BTC, and nickel nitrate precursor, is illustrated in Figure 4c. The morphology of this
Ni-BTC MOF is octahedral, with smooth surfaces. As the amount of GO on Ni-BTC MOF
increased from 10 to 40 mg, the morphology was observed to be unevenly adherent GO
on a smooth MOF surface for 10 mg GO. Furthermore, rough surfaces, GO aggregation,
and unevenness on MOF surfaces were found for the 20 and 40 mg doped GO. As a result,
increasing the GO caused the MOF surfaces to become rougher. However, partly covered
GO on the MOF surface will enable Ni2+ to gain certain advantages, such as interaction
with electrolyte ions, shortening the ion diffusion route, and protecting the active site of
Ni2+ in the electrochemical process. Interestingly, the crystalline characteristics of Ni-BTC
MOF grew when the GO dosage was raised from 10 to 20 mg, and after 40 mg of GO, the
crystalline peaks of MOF were severely reduced owing to excess GO, which terminated
the crystallinity of MOF. As a result, combining higher-dosage GO with Ni-BTC MOF
may be ineffective for supercapacitor applications. Based on the crystallinity, the resulting
particles may be of high purity in the investigations. Inevitably, the prepared composite
may possess a higher surface area as a result of its elevated crystallinity, high purity, and
potentially porous characteristics. The synthesis process appears to be straightforward
and economical. However, it is not an environmentally friendly procedure because of the

16



Inorganics 2024, 12, 145

use of organic solvents in the hydrothermal reaction, and it is a time-consuming process
due to the 48 h reaction and drying particles maintained for 24 h. Similarly, Khakpour
et al. produced sulfur-doped GO/ZIF-8 MOFs (SGZ) through a straightforward chemical
process [114]. As a result, a modified version of Hummer’s method was employed to
prepare the GO. Sulfur (S) was introduced into GO (S-GO) via the hydrothermal process.
This included sonicating Na2S and GO in water and stirring for an hour. After that, the
mixture was put in an autoclave to undergo a hydrothermal reaction for 10 h at 200 ◦C,
yielding S-GO. For the SCZ composite, an hour was spent sonicating a mixture of S-doped-
GO and 2-methylimidazole in methanol. After that, Zn salt and methanol were combined
separately and left for 10 min under stirring to create another solution. To create the SCZ
composite, the two solutions mentioned above were combined, agitated for two hours, and
then centrifuged. In this work, no significant morphology or irregular shape was found
for the ZIF-8 MOF, and the purity of the MOF seems poor. Probably, the MOF synthesis
carried out in an aqueous solvent with mechanical stirring for 1 h in an open environment
affected the morphology and maybe contaminated dust particles from the air. For GO, the
morphology was severely wrecked after S doping. The broken structure might be because
the GO was sonicated and mechanically stirred with Na2S before the hydrothermal reaction,
which could affect the shape of the GO. Similarly, no notable morphology or irregular shape
was seen in composite SCZ. As a result, this approach may not be successful in producing
morphology for MOFs and/or composite particles. The crystallinity of the SGO composite
with ZIF-8 MOF decreased dramatically as a result of the presence of GO, which reduced
the crystalline quality of the MOF. The process for SCZ composite might be inexpensive,
straightforward, and time-saving. However, in the process of preparing composites, the
hydrothermal method should produce GO and sulfur-doped GO (SGO). This method may
have a modest overall cost, but it results in particles with low purity and no distinct shape.

2.7. GO-MXene

MXene is a two-dimensional material extensively used in several applications, includ-
ing energy storage, water treatment, and sensors. MXene has strong electrical conductivity,
high hydrophilicity, and a multilayer structure, enabling it to function as a current col-
lector [115,116]. Compared to stacked layers of GO or MXene materials, the conductivity
of MXene-GO composites may significantly enhance ion transit and charge storage for
supercapacitor applications. The MXene-GO composite has considerable promise for de-
velopment in energy storage applications. Fu et al. created an MXene-GO film using drop
casting [103]. GO and MXene were combined in a specific ratio while being continuously
stirred. The solution was applied onto a glass plate using the drop-casting method and then
dried in a vacuum. Subsequently, the undesired section of the film was eliminated using
a CO2 laser to serve as an electrode for supercapacitor use. Figure 4d shows a schematic
diagram of the process of making the MXene-GO composite film using drop casting and
further electrode assembly for electrochemical testing. The drop-coated morphology of the
MXene-GO reveals rough surfaces, and MXene particles were discovered to form islands on
the GO. Because of the electrostatic interaction, GO and MXene may bond strongly together.
The flat composite thin film surfaces may provide high interaction with electrolyte ions and
quicker ion motions into the MXene-GO electrode, allowing for efficient energy storage.
Though the synthesis method appears straightforward, developing the electrode design
using a CO2 laser could be an expensive process.

Conducting polymers were investigated for their potential application as energy
storage materials due to their high Cs, rapid redox protonation/deprotonation processes,
and cheap cost of operation. Following this, poly (1,5-diaminoanthraquinone) (PDAAQ)
is classified as a conducting polymer. It has favorable structural properties, including a
π-conjugated structure, making it an ideal candidate for use as novel electrode material
in supercapacitors. As a result of the exfoliation of MXene (Ti3C2TX), nanosheets tend to
self-restack. This is because of the intermolecular force, which impedes the movement
of electrons and reduces the surface area. An et al. designed cetyltrimethylammonium
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bromide (CTAB)-modified graphene oxide (GO)-coated PDAAQ nanotubes@MXene for
use in supercapacitors to circumvent this issue [117]. CTAB was initially incorporated into
the GO (CGO) surface via ultrasonication in water for 15 min. Then, using an initiator, 1,5-
diaminoanthraquinone monomer (DAAQ) was dissolved in a mixture of dichloromethane
and acetonitrile. Following the solution’s dissolution of ammonium persulfate and sodium
dodecyl benzene sulfonate, CGO was added to the mixture. CGO/PDDAQ was produced
by combining the DAAQ solution with the CGO solution and observing the reaction
for 48 h. Before undergoing modification with CGO/PDDAQ, an organic process was
employed to etch MXene utilizing lithium fluoride and hydrochloric acid. Following the
etching process, CGO/PDDAQ and MXene sheets were combined using ultrasonication
in water to produce CGO/PDAAQ/MXene by the force of electrostatic interaction. The
synthesis of CGO/PDAAQ@MXene film-type electrode is illustrated schematically in
Figure 5a. This is achieved by coating CTAB-functionalized graphene oxide with poly(1,
5-diaminoanthraquinone) nanotubes via interfacial polymerization and then connecting
the GO and MXene through vacuum-assisted filtration and electrostatic self-assembly. The
produced CGO/PDDA shows the morphology of CGO adsorbed on PDDA nanotubes
in the form of a sheet. After modification with an MXene solution, it exhibits an uneven
morphology, thick, wrinkled textures, and a rough morphology. However, this morphology
may have a highly active site, high purity, strong structural stability, offer high electrons
to attract electrolyte ions, and allow for much quicker ion transportation to effectively
store charges. The crystallinity of the CGO/PDAAQ/MXene was discovered to have a
weak crystalline structure owing to the polymer nature of PDAAQ, which may be an
amorphous structure. According to the synthesis, it may be time-consuming, expensive,
and environmentally unfriendly due to the use of organic compounds and the involvement
of multiple processes.

 

Figure 5. (a) Schematic diagram of the synthesis of CGO/PDAAQ/MXene (reproduced with per-
mission from [117]). Copyright 2023, Elsevier. (b) GO-MXene composite electrode (reproduced with
permission from [118]). Copyright 2023, Elsevier. (c) WS2@MXene/GO composite (reproduced with
permission from [119]). Copyright 2023, Elsevier. (d) Bacteria/GO (reproduced with permission
from [120]). Copyright 2023, Elsevier.
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Recently, dip coating was utilized to implement an MXene-GO composite film onto
polyamide material, followed by laser-induced graphene (LIG) to etch the film [118]. GO
and MXene, both of which were obtained in solution form, were initially combined while
agitating. The composite material was subsequently coated onto a polyamide substrate
via dip coating. The interdigital design or pattern was subsequently etched into the film
via a single laser-induced graphene process. The resulting film was subsequently utilized
for studies of supercapacitors, and the pattern generated through this method appeared
to be effective. For comparison, they also developed LIG on bare polyamide surfaces
for electrochemical studies. The goal of this study was to demonstrate how to combine
GO and MXene to create films with improved microstructure modification and ordered
MXene particle distribution. They also wanted to demonstrate how to use laser-induced
graphene to create patterned porous graphene structures on MXene/GO-polyamide sur-
face electrodes that can make good contact with electrolyte ions for high electrochemical
performance. The schematic representation of Figure 5b shows the film fabrication pro-
cess using a single laser-induced graphene structure on the MXene-GO-polyamide film
composite for the supercapacitor application. According to the morphology of the com-
posite film, the polyamide film coated with a highly porous MXene/GO composite had a
uniform distribution of MXene fine particles with twinkled GO. On the other hand, the
absence of GO results in the observation of MXene particles aggregating on the polyamide
film. Following the laser-induced graphene process, the composite film acquires a fibrous
structure that is densely layered. The porous structure of this structured electrode film may
facilitate contact with electrolyte ions, while the presence of graphene structure (after the
LIG process) in the composite film contributes to its high conductivity. As a result, this
electrode film has the potential to be significantly effective in supercapacitors. Because the
polyamide material contains MXene and GO, it may have a low-crystalline property. This
procedure for making films and fabricating electrodes with laser-induced graphene could
provide highly pure film electrodes. Nevertheless, the procedure of procuring MXene and
GO compounds and employing laser techniques might be quite costly.

Because of its vast surface area, high crystallinity, and quick ion diffusion, tungsten
sulfide (WS2) has high electrochemical activity. On the other hand, WS2 exhibited inad-
equate electrical conductivity, specific capacitance, and cycling stability. To enhance the
electrochemical characteristics of WS2, Hussain et al. fabricated a composite material con-
sisting of MXene-GO and WS2 (WS2@MXene-GO) intended for use in supercapacitors [119].
Initially, MXene was produced for this composite by reacting commercially available
Ti2AlC2 powder with hydrofluoric acid to remove Al content. To produce WS2/MXene-GO,
commercially available GO and the as-synthesized MXene were combined with water,
sonicated, and stirred at 60 ◦C for 1 h. The mixture was then supplemented with ammo-
nium tungsten oxide hydrate and CH4N2S for two hours. They were then transferred to
an autoclave set to 200 ◦C overnight to obtain WS2@MXene-GO. The acquired particles
were subsequently annealed at 400 ◦C in an H2/Ar atmosphere to eliminate any remaining
impurities. Figure 5c depicts a schematic layout of the process of converting Ti3AlC2 MAX
to Ti3C2TX MXene, followed by a hydrothermal reaction of MXene, GO, and ammonium
tungsten oxide hydrate with thiourea to produce WS2@MXene-GO, which is subsequently
annealed at 400 ◦C. The treated MXene was found to have stacked sheet structures, while
WS2 showed layered sheet structures. After compositing MXene/WS2, the morphology
reveals agglomerated sheet-shaped grains. The GO composite with WS2@MXene morphol-
ogy showed that the grains were distributed throughout the GO surfaces. The morphology
of the composite potentially offers an abundance of active sites for electrolyte ion interac-
tion, thereby improving electrochemical performance. Furthermore, this composite exhibits
a high degree of crystallinity due to the crystalline properties of the individual particles,
such as MXene, WS2, and GO. The prepared composite (WS2@MXene/GO (12.9 m2 g−1)
reveals a very low surface area due to the low surface area of the individual particles
(MXene (2.7 m2 g−1), WS2 (5.2 m2 g−1) and GO (2.9 m2 g−1)). The acquisition of MXene
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precursors, GO, and other chemicals may contribute to the high cost of the synthesis process.
Additionally, the involvement of multiple processes can be time-consuming.

2.8. GO-Bacteria

To save energy and safeguard the environment, most synthesis processes for electrode
materials use poisonous substances or unfavorable reaction conditions, making them
expensive and toxic. Finding a low-cost, environmentally friendly method that uses
precursors that might be found in nature would be beneficial. As a result of their robust
cell walls, bacteria belong to the class of prokaryotic organisms that can endure a variety
of harsh environments. Bacteria are inexpensive, widely distributed, and safe for the
environment. By converting the material in the electrolyte, bacteria can raise Cs and
electrical conductivity. Thus, to develop supercapacitors, Verma et al. investigated the
interaction of bacteria and graphene oxide (B@GO). They, therefore, utilized Bacillus subtilis,
a Gram-positive bacterium [120]. For four hours, the produced Bacillus subtilis solution
and the synthesized GO solution were combined by stirring. After that, the solutions
were carbonized at 600 ◦C in an N2 environment and cleaned with water and ethanol to
produce B@GO. Figure 5d depicts a schematic representation of bacteria functionalization
on GO utilizing GO produced from graphite powder and stirring with bacterial solution
for 4 h, followed by calcination at 600 ◦C under N2 gas for heteroatom doping. The
resulting GO has an unsmooth and sheet-like morphology, while B@GO has an irregular
and wrecked sheet shape with a larger size. This might be the reason why bacterial solution
produces highly wettable GO, which is attributed to agglomeration. Furthermore, it was
mechanically stirred for 4 h; thus, the morphology was affected. This B@GO composite was
found to have semi-crystalline properties owing to structural deformation and interlayer
gap caused by the bacterial solution connection with a heteroatom (N)-doped GO. The
bacterial component with the GO materials may have good electrochemical performance
because of their abundant porosity and plenty of foreign atoms. The composite method
may be easy to use; however, further optimization is needed when utilizing bacterial cell
culture in conjunction with carbon materials.

2.9. Discussion

Supercapacitor electrode materials must be low-cost, be easy to synthesize, porous,
have highly active sites, be conducive, pure, have a well-structured particle shape, chemical
stability, structural stability, and reproducibility. Based on the reported studies, Table 2 sum-
marizes the advantages and disadvantages of synthesis methods for GO-based composite
electrode materials and their characteristics. This review shows that the hydrothermal
technique was mostly used for producing GO-based composites. Because of its low cost,
ease of processing, ease of the composite, environmentally friendly process, autoclave
reaction at 120–220 ◦C, high purity and crystalline particles, structural stability, packed
hybrid particles, well-structured shape particles, that water is mostly used for the reaction
media, low energy consumption, and rich active sites’ nanostructured materials, it enables
high electrochemical performance. However, the hydrothermal reaction could happen for
at least 12 h and up to 48 h for particles to form, and the produced particles may have a low
surface area. In this technique, the particles might not form if the autoclave is not tightly
locked. Using a mortar and pestle to grind two particles together to make a composite could
also be very cheap and easy with highly crystalline particles and a large-scale production
method that does not use any energy. However, there is a chance of serious structural and
morphological damage, high particle contamination, particle agglomeration, and blockage
of the pores on the particle surface, which could affect the electrochemical performance and
particle contact with the eyes and nose during grinding, which can cause health problems.
Utilizing direct plasma reactive treatment to produce doping materials enables large-scale
production and uniform distribution and is ideally suited for doping powdery substances
due to its high stability and the ability of the numerous functional groups on the doped GO
materials to facilitate a rapid electrochemical reaction and improve performance. However,
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the global applicability of this technique may be hindered by its proficient complexity,
costly equipment, demand for highly experienced personnel, high maintenance expenses, a
doping process that could affect the surface area of the composites, and substantial energy
consumption. The simple reaction employed for the synthesis of composite particles may
be inexpensive, straightforward, energy-free, large-scale, operate at room temperature, and
produce a high number of active sites with substantial surface area particles and high or
semi-crystalline particles. However, this approach to composite preparation proves to be
ineffective due to its time-consuming procedures, inability to produce well-structured mor-
phology as a result of reaction under a mechanical stirrer, and there is a possibility for low
interaction between materials, which leads to poorly hybridized particles, and a high risk
of particle contamination that blocks surface pores, thereby resulting in low electrochemical
performance. Ultrasonication may not be the optimal method for preparing composite
particles for supercapacitors due to the possibility for high-frequency ultrasound to break
the interfacial bond, introduce surface defects and contamination, damage morphology
and low crystalline particles, and particles with a moderate surface area, all of which could
contribute to suboptimal electrochemical performance.
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The microwave method is a rapid and efficient method for synthesizing particles
with well-structured morphologies, high-purity and crystalline particles, and no reaction
medium requirement. The synthesis of composites using this method may result in particles
that are well hybridized, and the abundance of active sites may facilitate rapid electrochem-
ical reactions and high performance. Nonetheless, this is a costly method, and prolonged
operation at high wattages can damage particles. Many processes for combining GO with
other materials include first preparing GO using a modified Hummer’s method and then
using another approach for combining it. This method may be costly, time-consuming, and
energy-intensive. To address these difficulties, GO and its composite with MnFe2O4 were
synthesized utilizing a single procedure, a modified Hummer’s approach. This technique
revealed good structural stability and highly crystalline particles with no morphological
issues. Thus, this type of process may be utilized to construct a GO composite with other
materials using a low-cost, easy, and energy-efficient technique and a superior electrode
material for electrochemical performance. SILAR technique may be a relatively simple,
room temperature process that produces homogeneous thin film electrodes, a variety of
coatings on the substrate, and a highly active site and conductivity electrode film. This
process is much less expensive than other coating techniques, such as spray coating, spin
coating, sputtering, thermal evaporation, pulsed laser deposition, atomic layer deposition,
and so on. However, this SILAR may have issues with contamination on the film surfaces,
structural stability, the film’s low crystallinity and thickness, and the coating process oc-
curring on both sides of the substrate, which is one of its disadvantages. The preparation
of thin film electrodes using vacuum-assisted filtration techniques can produce low-cost,
easily obtained composites with high particle interaction due to the vacuum force, high flex-
ibility, a highly active site film, and highly porous properties, all of which contribute to high
electrochemical performance. However, using a strong vacuum force to filter the particles
could damage their morphology and collapse their pores, leading to a poor electrochemical
reaction, low ion transportation, and low electrochemical performance. On the other hand,
drop-coating is a simple, low-cost method that produces a high-conductivity electrode
layer. However, it is not possible to adjust the thickness of the film. The laser-induced
graphene technique, which patterns the composite electrode film after drop-coating, is
highly effective, fabricating a high fibrous structure and porous morphology that allow
contact electrolyte ions to produce quick electrochemical reactions for high electrochemical
performance. The reflux/organic chemical approach is a simple, low-temperature way to
make particles that have a lot of active sites, form well-hybrid particles, make high-porosity
composites, and do not use any energy. However, this approach lacks environmental friend-
liness; hinders the development of high-purity, crystalline, and surface area particles; and
risks damaging particle morphology due to its extended processing time. Therefore, the
electrochemical performance of the chemical or organic technique that generates composites
may be modest. Therefore, further investigation into the development of technologically
advanced composite electrodes may yield cost-effective solutions for implementation in
supercapacitors. Such electrodes would possess the following characteristics: a simpli-
fied one-step composite preparation process, environmental friendliness, time efficiency,
large-scale synthesizing capability, well-structured morphology, substantial surface area,
highly hybrid particles, higher crystalline properties, abundant active sites, high structural
stability, and high conductivity.
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3. GO and Its Composites in Supercapacitor Application

3.1. Fluorine-Functionalized GO

Surface-modified GO might enhance the wettability of the electrodes, so leveraging
the pseudocapacitance effect enhances the capacitance of the device. Fluorination is an
excellent method to alter the characteristics of graphene since fluorine (F−) has the greatest
electronegativity. Carbon–fluorine bonding in the highest polar states is advantageous
for electrochemical reactions because of the interaction between ionic and covalent bonds.
Thus, Sim et al. investigated fluorine-functionalized GO (FGO) using a three-electrode
configuration in a 1.0 M potassium hydroxide (KOH) solution [77]. Figure 6a shows the
CV curves of the FGO and GO electrodes analyzed in the negative potential region at
a scan rate of 10 mV s−1. This test shows that FGO had both EDLC and redox activity
because F− functional groups react with OH− groups. On the other hand, GO only
showed EDLC action. The FGO exhibited significantly higher Cs (514 F g−1) in comparison
to the GO (231 F g−1). The galvanostatic charge–discharge (GCD) curves of GO and
FGO for potential (V) and time (s) are illustrated in Figure 6b. The charge–discharge
duration of FGO was longer than that of GO, indicating that FGO has a high charge-
storing capacity, which might be attributable to its high Cs. At a current density (CD) of
6 A g−1, the charging and discharging activities of the FGO and GO were 276 and 90 F g−1,
respectively. Using electrochemical impedance spectroscopy (EIS), the solution resistance
(Rs) and charge-transfer resistance (Rct) of the FGO and GO electrodes were subsequently
determined. As shown in Figure 6c, the Rs and Rct values of FGO (0.58 Ω and 0.71 Ω)
were observed to be less than GO (1.69 Ω and 2.61 Ω). The diameter of the semi-circular
from the EIS plot may be used to compute the Rct values. For ion-diffusion resistance,
both electrodes exhibit a distinct vertical line, thereby confirming the better kinetics of the
electrodes. Therefore, the FGO electrode stimulates the movement of ions between the
electrode and electrolyte, enhancing fast charge-transfer processes. Therefore, FGO exhibits
better electron transfer properties than GO. According to the FGO’s morphology, the
thinner fluorine layer on GO sheets has highly porous (fine pores) structures that facilitate
charge storage via EDLC production, while the interconnecting porous channels enhance
redox reactions. Furthermore, FGO surfaces may include a large number of fluorine ions,
which are responsible for significant redox reactions with OH− ions, resulting in good
electrochemical performance. To facilitate practical implementation, a symmetric hybrid
FGO (FGO//FGO) was designed and tested over a potential range of 1.0 to 1.6 V. A sheet
of polypropylene serves as the anode in this device. The device also observed EDLC and
PC operations. The designed device achieves an energy density (ED) of 25.8 Wh kg−1

and power density (PD) of 1280.0 W kg−1 at a CD of 1 A g−1. This device demonstrated
excellent cycle stability, with no loss of specific capacity after 20,000 cycles, as shown in
Figure 6d. The increased stability of the FGO may be due to the improved surface activation
resulting from higher levels of F− sites during electrochemical action, which could be very
stable electrochemically. The inset of Figure 6d reveals that the pictures of the hybrid device
were programmed to use yellow, blue, green, and white light-emitting diodes (LEDs) at 2,
3, and 4 V, respectively.
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Figure 6. Electrochemical study of electrodes. (a) CV curves of GO and others at 10 mV s−1.
(b) GCD curves of FGO and GO at 6 A g−1. (c) EIS spectra. (d) Cycle stability of FGO//FGO
device with inset picture shows powering up the LED pulps (reproduced with permission from [77]).
Copyright 2023, Elsevier. (e) Variation of Cs for CD of NCWO4/f-MWCNT/GO. (f) EIS spectra of
NCWO4/f-MWCNT/GO and others. (g,h) Schematic diagram and cycle stability of NCWO4@f-
MWCNTs/GO//AC device (reproduced with permission from [90]). Copyright 2023, Elsevier.
(i,j) Variation of Cs to scan rate and CD of AC/GO/TiO2-Zn. (k,l) Cycle stability and the Ragone plot
of AC/GO/TiO2-Zn//AC/GO/TiO2-Zn device (reproduced with permission from [79]). Copyright
2023, Elsevier.

3.2. GO-Metal Oxides

Recently, the Ni0.5Co0.5WO4/f-MWCNT/GO (NCWO4/f-MWCNT/GO) composite
was used for the three- and two-electrode systems in 6.0 M KOH for supercapacitor
application [90]. The enlarged CV curves of NCWO4/CNT/GO, which resulted from the
bimetallic synergy, provide insight into the PC mechanism and indicate that the electrode
material can operate at high scan rates (100 mV s−1) within the potential ranges of 0.0
to 0.6 V. Figure 6e shows the calculated Cs using the GCD curves under various current
densities (CDs). Accordingly, the CD increases from 1 to 30 A g−1, and the Cs decreases
slightly from 1166.6 to 950.0 F g−1. As a consequence of this outcome, the composite
electrode demonstrated a notable rate capability of 90.3%. It was determined that the
electrode exhibited cycle stability with a capacity retention of 95.6% over 5000 cycles. By
employing EIS, it was determined that the NCWO4/f-MWCNT/GO electrode possessed
excellent conductivity with values of 0.67 Ω and 1.2 Ω, respectively. Accordingly, these
values are lower in comparison to NCWO4@f-MWCNTs (0.69 Ω and 1.53 Ω). As illustrated
in Figure 6f, a semicircle at high-frequency areas discloses the charge-transfer resistance
(Rct) of the electrodes associated with the faradaic processes, while a linear line at lower-
frequency regions suggests the EDLC behavior of materials. According to Figure 6f,
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the NCWO4@f-MWCNTs/GO electrode exhibits a sharper angle than other electrodes,
suggesting that the composite is capable of fast ion diffusion. This composite’s higher
electrochemical properties could be due to the crystalline structure of the electrodes, highly
active sites, and the synergistic morphology effect of urchin (NCWO4) and nanotubes
(f-MWCNT) on sheets (GO). Further development of an asymmetric device (NCWO4@f-
MWCNTs/GO//AC) was implemented within the voltage range of 0.0–1.5 V. Figure 6g
depicts a schematic representation of an asymmetric device made from nickel foam (current
collector) modified with NCWO4@f-MWCNTs/GO (positive electrode) and AC (negative
electrode) and a separator was located between the electrodes to transport ions from the
negative electrode to the positive electrode and prevent a short circuit. The device had a
sandwich-like circuit design. Additionally, PC behavior was evident due to the presence
of redox peaks in CV curves at various scan rates. The device exhibited a high Cs value
(266.2 F g−1) at a CD of 1 A g−1, as determined by GCD. The shallow values of Rs (0.22 Ω)
and Rct (0.9 Ω) for the device suggest high conductivity. The number of cycles increases to
reduce the capacitance retention (%) of the electrode material, as shown in Figure 6h. It
was determined that the developed device maintained 87% of its capacity for 5000 cycles.
The asymmetric device’s NCWO4@f-MWCNTs/GO electrode may be electrochemically
stable and have a solid bond to the current collector, resulting in good capacitance retention
during the cycle test. The device’s maximum PD and ED values were 703.1 W kg−1 and
83.3 Wh kg−1, respectively.

Another study examined the three-electrode systems in a 3.0 M KOH electrolyte
using AC, AC/GO/SnO2, and AC/GO/TiO2-Zn electrodes [79]. The results revealed
quasi-triangular CV curves, indicating that all electrodes operated as EDLC-type super-
capacitors. Figure 6i plots the Cs of the electrodes using CV curves at various scan rates.
Compared to AC (265.3 F g−1) and AC/GO/SnO2 (295 F g−1), the Cs of the AC/GO/TiO2-
Zn (329.9 F g−1) was higher at 10 mV s−1. The synergistic effect of the electrode materials,
along with their highly porous structure and flower-like morphology, could be attributed to
the high Cs of the AC/GO/TiO2-Zn composites, each of which has good crystalline proper-
ties. Triangle curves are found by GCD analyses of the electrodes AC and AC/GO/SnO2,
which point to high EDLC performance. On the other hand, because of the faradic charge-
transfer reaction, PC behavior was seen in the AC/GO/TiO2-Zn electrode. The faradaic
reaction of the AC/GO/TiO2-Zn electrode resulted in a longer discharge time than other
electrodes, indicating higher Cs. Due to storage processes via the electrochemical diffusion
process, the Cs of the electrode materials generally decrease as CD rises. Accordingly,
plotting the Cs of the electrodes using GCD curves at different CDs in Figure 6j helps
to understand it. The AC, AC/GO/SnO2, and AC/GO/TiO2-Zn electrodes had max-
imum Cs of 467.8 F g−1, 595.2 F g−1, and 1491.6 F g−1 at 2.5 A g−1, respectively, at a
CD of 2.5 A g−1. Furthermore, compared to AC (11.5 Ω) and AC/GO/SnO2 (4.4 Ω),
the Rs of the AC/GO/TiO2-Zn (192.2 Ω) electrode was higher. The symmetrical device
(AC/GO/TiO2-Zn//AC/GO/TiO2-Zn) was built based on the best result obtained from
the AC/GO/TiO2-Zn. A symmetrical device of cycle stability profile is shown in Figure 6k,
which demonstrates how capacitance retention steadily declines as the number of cycles in-
creases. It demonstrated low capacitance retention of 61.8% over 10,000 cycles. The device’s
low capacitance retention rate could be caused by the electrode structure collapsing due to
the volume expansion and contraction of the electrode material during the charging and
discharging cycles. As a result, while synthesizing ternary compounds, careful considera-
tion should be given to the significant effects on structural suitability and chemical stability
during electrochemical reactions. Furthermore, as depicted in Figure 6l, the Ragone plots
of the AC/GO/TiO2-Zn//AC/GO/TiO2-Zn device’s PD vs. ED profile indicate that the
device generated a substantial PD of 3572.0 W kg−1 despite having an ED of 99.0 Wh kg−1

when compared to other reported devices. Due to the Faradaic reaction in 6.0 M KOH,
pseudocapacitance (PC) behavior was seen in the Bi2O3-GO electrode from the CV analysis
in the different scan (5–100 mV s−1) rate [88]. At a CD of 1 A g−1, the electrode’s Cs were
measured to be 1029.0 F g−1. However, the Cs slightly decreased from 1029 to 808 F g−1,
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while the CD increased from 1 to 10 A g−1, indicating that as the CD increased, the elec-
trode’s Cs remained highly sustained. Though the Bi2O3-GO composite did not show
significant morphology, they did, however, obtain high Cs due to the highly active sites,
high purity, and highly crystalline structure. The Rs values for various wattages, 600 W
120 s, 800 W 90 s, and 800 W 120 s, were 0.91, 0.83, and 1.37 Ω, respectively. The resistance
of the electrode exhibited an increase as the wattage was raised. GCD analysis also revealed
PC behavior, with the Cs of Bi2O3-GO (1029 F g−1) being greater than that of bare Bi2O3
(314 F g−1) at a CD of 1 A g−1. Therefore, the electrochemical performance is enhanced by
the combination of GO and Bi2O3. The electrodes’ structural stability contributes to their
cycling performance. In this work, the decrease in capacitance retention observed as the
number of cycles increases may be caused by an irreversible reaction between Bi2O3-GO
and KOH electrolyte, which causes structural degradation over a long cycle life. It was
found that the electrode maintained approximately 80% of its initial Cs over 3000 cycles. It
would be preferable if the cyclic study for the supercapacitor application included at least
10,000 cycles. Consequently, the cycle stability of this particular GO-composite might be
compromised, necessitating the optimization of the ratio or functionalization to enhance
its structure.

Foroutan et al. investigated the electrochemical performance of MnFe2O4/GO in
6.0 M KOH and demonstrated the possibility of a redox reaction by obtaining PC behavior
as indicated by rectangular CV curves [91]. Semi-rectangular shapes were maintained
in the CV curves despite the increase in scan rates (10–200 mV s−1). As determined
by GCD analysis, the quasi-rectangular and triangular structures of GO and MnFe2O4
correspond to EDLC and PC behavior, respectively. In contrast, MnFe2O4/GO exhibits
semi-triangular shapes and demonstrates characteristics of both EDLC and PC. At a CD
of 1 A g−1, the Cs of MnFe2O4/GO (298 F g−1) was found to be greater than that of
MnFe2O4 (285 F g−1) and GO (188 F g−1). Hence, MnFe2O4 exhibits promise as a material
for enhancing the electrochemical characteristics of GO. The high Cs could be the reason for
the large number of MnFe2O4 spherical nanoparticles on GO sheets; their strong crystalline
property and highly porous surface may make it easy to connect with the electrolyte
ion and promote quicker ion movement to produce high electrochemical performance.
Conversely, increasing the CD (0.5–8.0 A g−1) results in a significant reduction in the Cs of
the MnFe2O4/GO (405.0–57.0 F g−1). This could be due to the limitation of ion-diffusion
electrolytes to electrode surfaces at higher CDs. Moreover, according to the EIS results,
MnFe2O4/GO (2.16 and 2.45 Ω) may have a higher conductivity than GO (4.7 and 13.8 Ω)
and MnFe2O4 (3.4 and 5.7 Ω), as their Rs and Rct resistance values were lower. In only
the 500 cycles, the capacitance retention was found to be 92%. It is possible that strong
cycle stability was responsible for the chemical stability of MnFe2O4/GO in the electrolyte.
However, a supercapacitor application that would have performed 10,000 cycles might not
find the 500-cycle research relevant or predictable. Regarding the practical applicability,
no device preparation or electrochemical investigations were conducted in this study.
Similarly, CV analysis showed that the ternary hybrid of AC/TiO2/GO behaved in both
EDLC and PC. In this study, 2.0 M H2SO4 was used as the electrolyte solution [80]. However,
the authors said that using H2SO4 as an electrolyte greatly affects the capacitance rate.
The electrochemical studies showed that AC and AC-TiO2 behaved like EDLC and PC,
respectively. At a scan rate of 10 mV s−1, the electrodes’ Cs show an AC of 69.7 F g−1,
AC-TiO2 of 159.2 F g−1, and AC-TiO2-GO of 219.3 F g−1. Additionally, GCD was utilized
to examine the Cs of the AC, AC/TiO2, and AC/TiO2/GO, which were 130.3, 195.4, and
617.0 F g−1, respectively, at 1 A g−1. Therefore, adding GO to the AC/TiO2 combination
improves its electrochemical properties. The good Cs of the AC/TiO2/GO was found to
possess many nano-scale pores, a large surface area (439.2 m2 g−1), and good crystallinity,
enabling the surface to attract higher amounts of electrolyte ions and achieving high
charge storage. This ternary composite’s porous structure is highly beneficial for electrical
conductivity because it allows for high-ion transport. Figure 7a illustrates the Nyquist
plots of the electrode’s resistance recorded from 0.01 Hz to 100 kHz at a potential voltage
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of 10 mV. At the high- and medium-frequency ranges, the plots show semicircles for the
different electrodes caused by Rct at the electrode and electrolyte interface. On the other
hand, the plots reveal aberrations in the straight-line slope in the low-frequency zone. This
demonstrates a decreased diffusion barrier for electrolyte ions. According to Figure 7a,
AC-TiO2-GO has a lower internal resistance than other electrodes. This might be attributed
to the faradaic reactions and high conductivity of TiO2, while the good conductivity of
GO contributes to the low charge-transfer resistance. Accordingly, AC/TiO2/GO showed
lower Rs and Rct (1.87 and 2.68 Ω) than AC (5.34 and 7.76 Ω) and AC/TiO2 (2.67 and
3.40 Ω). Therefore, the addition of GO to AC/TiO2 improves electrical conductivity.
Figure 7b shows the cycle stability profile of the various electrodes, revealing that the
electrode’s capacitance retention decreased gradually as the number of cycles increased.
The ternary composite (AC/TiO2/GO) structured electrode demonstrated remarkable
stability over 1000 cycles of testing. As a result, AC, AC/TiO2, and AC/TiO2/GO retained
57.2%, 72.6%, and 80.1% of their capacitance, respectively. A synergistic impact of GO
and TiO2, high conductivity, structural stability, high chemical stability, and extremely low
volume expansion and contraction may be responsible for the high cycle stability of ternary
composite electrodes. The influence of the structural degradation and non-conductivity of
AC causes no synergistic effect on the binary composite electrode; therefore, the moderate
cycle stability is achieved exclusively by the effort of TiO2 owing to structural and chemical
stability. The non-conductive sites and the electrochemical processes may be the cause of the
poor cycle stability of AC and the collapse of its pore structure. Therefore, only the use of
GO improves the cycle stability in this study, which was observed through the cycle profile.
This investigation also did not find any devices in preparation for practical applications.

Recently, Lashkenari et al. conducted an electrochemical investigation on GO, CuFe2O4,
N-doped GO (NGO), and N-doped GO/CuFe2O4 (NGO/CuFe2O4) using a various elec-
trolyte, such as 1.0 M Na2SO4, 1.0 M H2SO4, and 1.0 M KOH [85]. NGO/CuFe2O4 electrode
CV profile at 100 mV s−1 scan rate in various electrolyte solutions is shown in Figure 7c.
Based on the large CV curve and wide working voltage potential, 1.0 M H2SO4 out-
performed others, and this electrolyte was optimized for the investigations. This study
exhibited both EDLC and PC behavior on NGO/CuFe2O4 due to faradaic reaction, whereas
GO, NGO, and CuFe2O4 demonstrated EDLC, EDLC, and PC behaviors, respectively. Both
behaviors on NGO/CuFe2O4 were observed as a result of the Faradaic process of CuFe2O4
in the electrolyte (redox reaction) and electrostatic charges on the GO or NGO surface.
Because of the synergic impact, NGO/CuFe2O4’s CV curves were greater than others,
suggesting that Cs may be high. Accordingly, NGO/CuFe2O4 had higher Cs (374.2 F g−1)
than GO (138.0 F g−1), NGO (181.2 F g−1), and CuFe2O4 (214.0 F g−1) at a CD of 1 A g−1.
Electrode materials that are a combination of NGO and CuFe2O4 may exhibit enhanced
redox properties, structural stability, conductivity, surface area, active sites, and porousness
due to the nanocube shape of CuFe2O4 on GO sheets. Adding NGO to CuFe2O4 may also
greatly improve the Cs because NGO makes the electrode more electrically conductive
and may also increase the specific surface area and porosity. It has a great potential to
sustain the Cs from 436 to 201.5 F g−1 while increasing the CD from 0.5 to 10 A g−1. The
electrodes’ Cs decrease with increasing CDs, which could be due to not having enough
active material for the redox reaction. The conductivity test results indicated that the Rs of
NGO/CuFe2O4 (6.85 Ω) was marginally lower than that of NGO (7.25 Ω) and CuFe2O4
(7.1 Ω). Since NGO/CuFe2O4 has low resistance, it must have a high conductivity. This is
because the NGO framework is bonded together, which increases the electrode material’s
overall conductivity. However, NGO/CuFe2O4’s Rs value was higher than that of other
reported electrode materials [80,95]. In the same way, the Rct values of the electrodes indi-
cate NGO/CuFe2O4 (1.1 Ω), NGO (2.8 Ω), and CuFe2O4 (1.3 Ω). Therefore, NGOC may
exhibit more capacity for charge transfer than other reactions owing to its low resistance.
Figure 7d shows the capacitance retention (%) vs. cycle number profile of CuFe2O4 and
NGO/CuFe2O4. This study found that increasing the cycle numbers led to a decrease in
the capacitance retention of both electrode materials. However, NGO/CuFe2O4 shows
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high cycle stability when compared to CuFe2O4. Interlayer ferrite particles may behave in
an unstable form during the charge and discharge processes, which causes CuFe2O4’s poor
cycle stability and high capacitance loss. The NGO-modified CuFe2O4 particles may help to
preserve their rigidity, and CuFe2O4 can inhibit the restacking of NGO sheets and produce
a high-porosity medium channel for the interaction of electrolyte ions. Accordingly, over
2000 cycles, the cycle stability of NGO/CuFe2O4 (82%) was greater than that of CuFe2O4
(58.4%). Furthermore, an asymmetric device (NGO/CuFe2O4//AC) was developed that
operated in the voltage range of 0.0–1.7 V. The appearance of quasi-rectangular CV curves
caused NGO/CuFe2O4 and AC to exhibit PC and EDLC characteristics, respectively. The
device showed a Cs of 89.1 F g−1 at a CD of 1 A g−1. The device achieved a capacitance
retention of 78.6% after 500 cycles. Furthermore, this device demonstrated its great poten-
tial in high-performance energy storage applications, as it was able to produce ED and PD
of 35.7 Wh kg−1 and 883.0 W kg−1, respectively, at a CD of 1 A g−1. As seen in Figure 7e,
the asymmetric device (NGO/CuFe2O4//AC) was able to light up the LED, confirming its
possible use in practical applications.

 

Figure 7. Electrochemical study of (a) EIS spectra of AC/TiO2/GO. (b) Cycle stability of
AC/TiO2/GO (reproduced with permission from [80]). Copyright 2023, Elsevier. (c) CV curves of
NGO/CuFe2O4 electrode material in different electrolytes. (d) Cycle stability of NGO/CuFe2O4

and others. (e) Two NGO/CuFe2O4//AC in series devices powering up an LED bulb (reproduced
with permission from [85]). Copyright 2023, Elsevier. (f) CV curve of Cu2O-CoO/GO and others
at 10 mV s−1. (g) Variation in Cs with CD of Cu2O-CoO/GO and others. (h) Cycle stability of
Cu2O-CoO/GO//GO device (reproduced with permission from [95]). Copyright 2024, Elsevier.
(i,j) CV curves of GO and GO@Fe3O4-IL@W at various scan rates. (k) Cycle stability of GO and
GO@Fe3O4-IL@W. (l) Ragone plot and inset picture shows powering up of the LED pulp using
GO@Fe3O4-IL@W (reproduced with permission from [58]). Copyright 2023, Elsevier.

Similarly, the hydrothermal synthesis of the hierarchical Cu2O-CoO-modified GO
electrode showed PC behavior at 6.0 M KOH due to the formation of redox peaks [95].
Figure 7f shows the electrochemical CV analysis of Cu2O-CoO/GO with others in the volt-
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age ranges between 0.0 V and 0.5 V. According to the CV curves, Cu2O/GO and CoO/GO
both exhibit a couple of redox peaks, while Cu2O-CoO/GO has two pairs of redox peaks,
indicating that both single-type electrode materials are participating in their pseudocapaci-
tance processes and therefore they could pseudocapacitive materials. The GCD confirms
that it exhibits the greatest Cs and excellent reversibility. Therefore, Figure 7g demonstrates
the calculation of Cs at various CD plots using GCD curves. The inadequate response
is caused by the redox reaction, which only happens on the electrode surface during the
charging and discharging process. As the CD rises, the Cs of the electrode materials gradu-
ally decrease. However, Cu2O-CoO/GO still exhibits high Cs when compared to others,
which could be the reason for the fast response to the redox reaction. As a result, at a
CD of 1 A g−1, Cu2O-CoO/GO (723 F g−1) was achieved with higher Cs than Cu2O/GO
(576 F g−1) and CoO/GO (533 F g−1). Cu2O-CoO/GO demonstrated good retention of
capacitance, increasing the CD from 1 to 10 A g−1 while decreasing the CD gradually
from 723 to 484 F g−1. The high Cs of Cu2O-CoO/GO could be due to its highly active
sites, high conductivity, and high specific surface area, which could be attributed to the
spherical kind of Cu2O-CoO nanoparticles on GO sheets. Cu2O-CoO/GO (0.1 Ω) has a
lower resistance (Rs) than Cu2O/GO (0.5 Ω) and CoO/GO (0.31 Ω), potentially making it a
high-conductivity electrode. These resistance values have shown that Cu2O-CoO/GO had
lower resistance than other electrode materials, such as Cu2O and CoO. This suggests that
the TMO composite on GO can greatly improve the material’s ability to conduct electricity
while also increasing the pseudocapacitive response, which may show high electrochemical
performance. Furthermore, an asymmetric device (Cu2O-CoO/GO//GO) was developed
and tested in the voltage range of 0.0–1.6 V. It showed a Cs of 125.0 F g−1 at a CD of 1 A g−1.
This was able to make a middling ED of 44.1 Wh kg−1 and a low PD of 794.0 W kg−1.
Figure 7h illustrates the cycle stability profile of an asymmetric device, demonstrating
low capacitance reduction and high coulombic efficiency over 10,000 cycles, suggesting
high structural stability in the electrochemical reaction. Accordingly, it kept its capacitance
well (89.3% after 10,000 cycles) at a CD of 10 A g−1. Another study found that the best
GO/CNT/COF weight ratio (2.4: 2.1: 1.0) had a higher Cs of 544.91 F g−1 at 1 mV s−1 and
175.09 F g−1 at 1 A g−1 [97]. Due to their porous structure, high electrolyte ion adsorption
could be attributed to the high Cs achievement, which may account for the CNT and GO
materials’ high specific surface area, while the COF contributes to their high redox activity.
In general, GO and CNTs are high-conductivity materials. However, COF in the composite
structure could be the reason that affects the overall conductivity of GO/CNT/COF, which
is attributable to Rct (11.34 Ω) and Rs (2.25 Ω), which were found to be somewhat greater
than the reported literature, suggesting moderate conductivity. Because of its high struc-
tural stability in the electrolyte solution, the electrode demonstrated high cycle stability
(84.76% over 8000 cycles), and there may be no volume expansion or contraction of the
GO, CNT, and COF combinations. Furthermore, the developed symmetric supercapacitor
(GO/CNT/COF//GO/CNT/COF) produced 24.3 Wh kg−1 of mild ED and 248.95 W kg−1

of low PD; therefore, this means that this kind of device could be used to store low amounts
of energy.

Another ternary composite was investigated in 1.0 M H2SO4 and designated GO@Fe3O4-
ionic liquid@Na2WO4 (GO@Fe3O4-IL@W) [58]. Figure 7i,j show the CV curves for GO and
GO@Fe3O4-IL-W at different scan rates. According to the CV curves, when the scan rate
rises, the current steadily increases, confirming the electrode materials’ good capacitive
performance and both electrodes’ pseudocapacitive behaviors. GO@Fe3O4-IL@W showed
higher stability and reversibility in comparison to GO, and larger CV curves were caused
by the faradaic reaction. At a CD of 0.2 A g−1, the high Cs were identified as GO@Fe3O4-
IL@W (332.4 F g−1). In contrast, GO showed only 122 F g−1. The composite has high Cs
when compared to GO because IL and tungstate (W) have qualities such as high electrical
conductivity and high redox properties, whereas Fe3O4 nanoparticles are structurally stable
but have low conductivity. Therefore, the combination of Fe3O4, IL, and W could enhance
the electrochemical performance of GO. In addition, high Fe3O4-IL and W nanoparticles on
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the GO sheet could allow highly active sites, a high synergistic effect, and a high surface
area for a high electrochemical reaction. Even with a significant fall in the electors’ Cs
due to increased CD, the ternary composite retained a higher retention rate than GO. It
was found that the ternary composite’s resistance (Rs and Rct) was less than GO’s due
to the high conductivity of IL and W. Thus, GO@ Fe3O4-IL@W (5.47 and 9.35 × 10−5 Ω)
and GO (7.60 and 0.002 Ω) will also be. In Figure 7k, the cycle stability profile of GO
and its composite shows that the capacitance retention (%) of both electrode materials
decreased with increasing cycles. However, the GO@Fe3O4-IL@W exhibits higher cycle
performance than the GO. Accordingly, it was shown that GO@Fe3O4-IL@W exhibited
notable cycle stability (91.3% capacitance retention over 10,000 cycles). Moreover, the
capacitance retention of GO is only 80%. The high number of nanoparticles on the GO
sheet, which are associated with its high chemical stability and high reversibility, may be
the cause of the high cycle stability of GO@Fe3O4-IL@W. The GO also did well in cycles
but not as well as the composite because it has less conductivity and only has a sheet-like
structure, which means it may undergo some moderate structural deformation due to
volume expansion and contraction. Figure 7l shows the Ragone plot, which measured
the ED and PD of the GO@Fe3O4-IL@W. It shows that as PD increased, the electrode
materials’ ED decreased. The inset picture reveals that the composite electrode can light
up a red LED using the cell setup. The electrode’s ED and PD were determined to be
very low using the three-electrode method, measuring 7.38 Wh kg−1 and 40.0 W kg−1,
respectively. These low values indicate that the electrode material may have low energy
storage, but it may provide high values when it is in device form with a negative electrode
(symmetric or asymmetric configuration). Similarly, the ternary alloy NiO/MnO2/GO
(NMGO) was tested in 1.0 M KOH and demonstrated PC behavior when compared to
GO and MnO2 (EDLC behavior) [83]. This means that NiO, not GO and MnO2, can
start the faradaic reaction in the electrolytic process. NMGO had a high Cs (402 F g−1)
compared to MGO (297.0 F g−1), NiO/GO (283.0 F g−1), and GO (82.0 F g−1) at a CD of 1
A g−1. Thus, MnO2 and NiO have the potential to improve the electrochemical efficacy
of GO. The high Cs of NMGO might also be a synergistic impact of (NiO and MnO2)
nanoparticles densely accomplished on GO surfaces covered evenly, which may increase
conductivity, highly active sites, and high surface area (102 m2 g−1) when compared to
merely MnO2 and NiO2 nanoparticles on GO. The low Cs of GO may be related to its
sheet-structured shape, which is characterized by weak conductivity, low activity sites,
and low surface area (94 m2 g−1). Additionally, it was observed that NMGO (34 Ω) had
a lower Rct value than MGO (68 Ω), NGO (87 Ω), and GO (138 Ω). It was determined
that the low conductivity of GO may have contributed to the reaction’s restricted charge
transfer and, consequently, low electrochemical permeances. Moreover, it was observed
that the ternary composite (NMGO) exhibited superior capacitance retention (93%) and
cycle stability (over 14,000 cycles). The cycle stability of NMGO was good because it had
dense nanoparticles on GO sheet shapes that made it more conductive, had a lot of surface
area, was chemically and structurally stable, and did not expand or contract structurally
during the electrochemical reaction. Additionally, in 1.0 M Na2SO4, an asymmetric device
(NMGO//MWCNT) was fabricated and investigated. At a CD of 1 A g−1, it exhibits Cs of
90.0 F g−1. On the other hand, the capacitance retention of the device is low as a result of
the increase in CD from 1 to 4 A g−1, which gradually reduces Cs from 90.0 to 42.0 F g−1.
Because of its good cycle stability (retaining 88% of capacitance after 6000 cycles), the
developed asymmetric device could have high chemical and structural stability in the
electrolyte solution. Therefore, the high structural combination of NMGO and MWCNT
devices could be very effective in electrochemical performance. The asymmetric device
may have moderate energy storage because it yielded values of ED and PD, measuring
28.0 Wh kg−1 and 750 W kg−1, respectively. Consequently, the proposed ternary composite
may be utilized as a material for supercapacitors instead of the raw materials.

Redox activity (pseudocapacitive behavior) owing to Faradaic reactions occurring
at the electrode/electrolyte interface was detected on the electrodes of 5%GO/WO3,
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10%GO/WO3, and 15%GO/WO3 composite in an electrolyte of 2.0 M KOH [96]. CV
study revealed that the Cs values for 5%, 10%, and 15% GO/WO3 were 508, 668, and
475 F g−1 at 5 mV s−1, respectively. Increasing the Wt.% of GO increases the Cs; however,
after 10wt.%, the Cs drops, which might be due to a limiting of charge transport from an
electrolyte to the electrode surface. As the wt.% of GO on WO3 nanorods increases from 5
to 10, Cs may rise. This might be because the surfaces have a large number of active sites
and pores, shorten the distance for electrolyte ions diffusion, and increase the electrolyte
ion transportation, resulting in rapid redox reactions. The decreasing Cs for the composites
with 15% GO/WO3 was due to a high wt.% of GO sheets restacking with WO3, which
limited the ion diffusion and conductivity, resulting in low performance. The GCD analysis
confirmed that 10%GO/WO3 (738.0 F g−1) had a higher Cs than 5%GO/WO3 (590 F g−1)
and 15%GO/WO3 (341 F g−1). All prepared electrodes exhibited solution resistance (Rs)
values ranging from 1.05 to 2.35 Ω; consequently, the 10% GO/WO3 electrode showed
a low Rs value of 1.05 Ω, suggesting that its high electrical conductivity may contribute
to its high electrochemical performances. Moreover, over 7000 cycles, the 10%GO-WO3
maintained 88% of its charge storage, demonstrating its exceptional cycle stability. The
electrode’s high cycle stability may be due to the decorated WO3 nanorod morphology with
GO, which may have active sites for high interfacial connections for the electrolyte ions and
chemically strong structures. Moreover, the asymmetrical device (GO/WO3//GO-NF) was
developed, exhibiting a Cs of 213 F g−1 at a rate of 5 mV s−1. It was found that 25 Wh kg−1

of mild ED and 1000 W kg−1 of high PD. Over 3000 cycles, the device’s cycle stability
showed that 87% of its capacitance was still in it. Due to their structural and chemical
stability, GO/WO3 electrode materials are also capable of producing high cycle stability in
device applications.

3.3. GO-Metal Sulfide

For supercapacitor applications, metal sulfides like MnS and La2S3 perform poorly
because of their sluggish kinetics, low ED, low conductivity, and poor cyclic performance.
Metal sulfides could be composited with GO to enhance electrochemical performance.
Thus, Mane et al. investigated the electrochemical performance of MnS, MnS-La2S3, and
MnS-La2S3/GO in a 1.0 M Na2SO4 [100]. In Figure 8a, the CV curve for MnS-La2S3/GO
was wider than the others, and it looked like a quasi-rectangular shape. At 100 mV s−1,
the PC behavior was found for all electrodes. Through GCD analysis, it was discovered
that, at a CD of 2 A g−1, the Cs for MnS-La2S3/GO (890 F g−1) was greater than that
of MnS-La2S3 (694 F g−1) and MnS (666 F g−1). The sheet-like MnS-La2S3 particles on
GO morphology could have a high porosity, high surface area, highly active sites, high
conductivity, and high synergistic effect, which may be ascribed to shorter ion path and
ease of electrolyte ion adsorption and make high quicker to boost the electrochemical
performance and thus they obtained high Cs than other electrode materials. Regarding
MnS-La2S3, their morphology resembles cotton candy, and they may have a good surface
area, porosity, active sites, conductivity, synergistic effect, and moderate ion route that
contributes to moderate electrochemical performance and Cs. Further, no significant
morphology was observed on MnS. Its low surface area, low porosity, low-activity sites,
low conductivity, and lack of a synergistic effect may be attributed to its higher ion path,
which results in slower ion transportation. This, in turn, leads to a low electrochemical
performance and low Cs. Moreover, as the CD was increased from 2 to 5 A g−1, the Cs of
the electrodes MnS-La2S3/GO (890 to 545 F g−1), MnS-La2S3 (694 to 415 F g−1), and MnS
(666 to 320 F g−1) exhibited a gradual decrease. This can be attributed to the fact that at
low CD, ions can penetrate extensively into the electrode surface, given sufficient time
to do so. In contrast, migration of ions into the electrode surface is restricted at higher
CD values due to time constraints. Figure 8b shows Nyquist plots of various electrode
materials to study their resistances, and the plots show electrodes with semi-circular curves
in the higher frequency region. The straight line in a low-frequency zone is caused by
diffusive resistance, which acknowledges short ionic routes. This is advantageous for
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rapid ion transportation and great electrochemical performance. The electrodes’ diameter
of the semi-circle equals the actual axis of the Nyquist plot and the Rct of the electrodes
caused by the reversible redox reaction on their surfaces. Subsequently, the resistance
values (Rs and Rct) of MnS-La2S3/GO (0.6 and 18.2 Ω cm−2) were found to be poorer than
those of MnS-La2S3 (0.9 and 39.7 Ω cm−2) and MnS (1.1 and 80.4 Ω cm−2). As a result,
a charge-transfer mechanism that is more rapid than others may be feasible on the MnS-
La2S3/GO. The MnS-La2S3/GO material exhibited remarkable cycle stability, retaining
89% of its capacitance over 4000 cycles. The high cycle stability could be due to the
electrodes’ composite nanosheet structure, which works well together and maintains shape
during electrochemical reactions and cycles. It is also possible that the electrodes had good
conductivity, had no binder on their surface, had a shorter ion path, and were highly porous
with active sites. Moreover, an investigation was conducted on the symmetrical device
(MnS-La2S3/GO//MnS-La2S3/GO) using a PVA-Na2SO4 electrolyte with an operational
voltage range of 0.0–1.8 V. A high Cs of 151 F g−1 was produced by the device at a CD of
7 A g−1. A device was discovered to exhibit high cycle stability, with capacitance retention
of 92.5% over 10,000 cycles. The developed electrode materials exhibit high cycle stability in
three and two electrode setups, potentially due to their high chemical stability and lack of
structural degradation during the cycle test. It also has been determined that the improved
interface between the MnS-La2S3/GO and PVA-Na2SO4 gel electrolyte contributes to
excellent cyclic stability. Figure 8c depicts the Ragone plot of the developed symmetric
device, which represents that the device’s ED decreased gradually with an increase in
PD. This device achieved moderate ED and PD values of 54.2 Wh kg−1 and 1300 W kg−1,
respectively. To implement a real-time application, two symmetric devices were linked
in a series of LEDs. Figure 8d shows a picture of the LED setup panel at two different
discharge times (30 s and 150 s), along with two symmetric devices (MnS-La2S3/GO//MnS-
La2S3/GO) that were connected in series. Each device was charged at 3.2 V for 30 s and
discharged for 150 s via the LEDs’ illumination. As a result, the fabricated symmetrical
device can be utilized in industrial and real-time settings.

In another study, NiS/CoS/GO was investigated for supercapacitors in 3.0 M KOH
and demonstrated PC behavior [98]. At a CD of 5 A g−1, high Cs (1114 F g−1) were
observed. This high accomplishment by NiS/CoS-modified GO might be highly pours
morphology, homogeneous particle distribution on GO sheets, structurally stable, highly
active sites, high conductivity, and a very shorter ion route that may enable very faster ion
transmission for high Cs. Resistance (Rct) was found to be only 1.99 Ω cm2, and therefore,
it may have had a high charge-transfer process in an electrolyte. High cycle stability also
revealed that 80% of capacitance was retained after 8000 cycles. Decorating CoS and NiS
particles around GO might make the structure more stable, increase the surface area, and
create more active sites. This could make it easier for high-ion movement during the
cycle test’s electrochemical reaction. Therefore, they could maintain stability for a long
time. However, single compositions such as CoS/GO, NiS/GO, and GO show lower cycle
stability when compared to CoS/NiS/GO. There may be structural volume changes during
the charge–discharge test that contribute to low chemical stability. When all materials
combine to enhance both structural and chemical stability, this could potentially lead to
high cycle stability. The higher the ED, the higher the device’s PD, which may be a high-
energy storage material. Therefore, this CoS/NiS/GO electrode demonstrated high ED
and PD values of 674.12 Wh kg−1 and 8089.44 W kg−1, respectively. However, the device
preparation for practical application was not found in this study, and the actual ED and PD
can be measured from either symmetrical or asymmetrical devices.
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Figure 8. Electrochemical analysis of (a) CV curves of MnS-La2S3/GO at 100 mV s−1. (b) EIS spectra
of MnS-La2S3/GO. (c) Ragone plot of MnS-La2S3/GO//MnS-La2S3/GO device. (d) 211 LEDs were
turned on using MnS-La2S3/GO//MnS-La2S3/GO device that had been charged for 30 s (photo
image of after 3 s) and discharged (photo image of after 150 s) (reproduced from [100]). Copyright
2023, Elsevier. (e) GCD plots of Co2Ni1-GO. (f) Cyclic stability of Co2Ni1-GO. (g) CV curves of
Co2Ni1-GO//AC device. (h) Cycle stability of device at 5 A g−1 (reproduced from [106]). Copyright
2023, Springer Nature. (i) CV curve of ZIF-8/SGO and others. (j) EIS spectra of ZIF-8/SGO and
others. (k) Ragone plot of ZIF-8/SGO electrode and (l) cycle stability of ZIF-8/SGO (reproduced
from [114]). Copyright 2023, John Wiley & Sons, Inc.

3.4. GO-Transition Metal Chalcogenides

Transition metal chalcogenides (TMDs) have a 2-D sheet-like layered structure, a large
surface area, good redox properties, and low electronegativity, among other characteristics.
However, the poor electrical conductivity and high-volume variations make it unsuitable
for commercial uses. Thus, it might be used with high electrical conductivity-based
materials to boost electrochemical performance. In addition, adding sulfur (S) and selenide
(Se) compounds to the metals improved charge transfer between the metals and carbon-
based materials. Yasoda et al. have investigated a GO composite with MnSSe (GO-MnSSe)
in a 1.0 M KCl solution for supercapacitor applications [104]. As a result, EDLC and PC
behavior were identified for the GO-MnSSe, while GO only demonstrated EDLC behavior.
As a result of MnSSe’s redox properties, a faradaic reaction occurred when GO-MnSSe
was used. The Cs of the GO-MnSSe (300 F g−1) was found to be high at 10 mV s−1, and
it showed excellent reversibility since the Cs were highly sustained even at a high scan
rate of 100 mV s−1. The GCD study revealed EDLC and PC in GO-MnSSe, with a Cs of
603 F g−1 at 0.1 A g−1. The cycle stability was modest, with 67% capacitance retention
after 9000 cycles. The insufficient cycle stability of GO may account for its poor chemical
stability and structural deterioration, as the decorated MnSSe nanoparticles did not succeed
in improving the functionality of GO on account of their uniform and limited layering
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on GO sheets. Consequently, the potential benefits of adjusting the ratio of MnSSe to
GO include better electrochemical performance and cycle stability. This research did not
include an investigation of the two-electrode setup. The research found that using a three-
electrode setup for supercapacitor applications yielded superior results due to high Cs and
cycle stability.

3.5. GO-Layered Double Hydroxides

LDH has a layered structure with a large surface area, allowing for numerous active
sites and strong redox characteristics. LDHs’ layered structure with large layer spacing
promotes ion insertion and deintercalation, which aids in Cs improvement. However,
LDHs have poor electrical conductivity and sluggish ion diffusion, which may compromise
cycle stability [121]. It may be feasible to improve the conductivity and other characteristics
by combining carbon-based materials. Therefore, Zhao et al. developed an optimal ratio
of Co2Ni1 LDH composite with GO (Co2Ni1-GO) for the electrochemical study in 3.0 M
KOH [106]. The electrode exhibited PC behavior due to the redox reaction caused by LDH
in the electrolytes. The GCD curves of Co2Ni1 LDH-GO’s charging and discharging con-
cerning potential vs. time are shown in Figure 8e. These curves show that the electrode’s
discharging time drastically decreased as the CD increased. However, it retains an accept-
able symmetry curve, strong charge–discharge properties, and reversibility while increasing
the CD. At 0.1 A g−1, the electrode Co2Ni1-GO had a very high Cs (3317.5 F g−1), whereas
bare Co2Ni1 exhibited only 793 F g−1. LDH nanosheets on GO layers might improve the
shorter ion route, resulting in much quicker ion transport and the ability to store more
charges. The significant storage charges may be due to the LDHs-GO combination having
a high surface area, porosity, active sites, conductivity, structural stability, and chemical
stability when compared to bare LDHs. GO might be a useful adjunct electrode material
for LDH to enhance its Cs for supercapacitor applications. Furthermore, the produced
composite electrode may have great conductivity owing to its very low resistance. The
Co2Ni1-GO electrode has Rs and Rct values of 0.88 and 0.029 Ω, respectively. In contrast,
bare Co2Ni1 LDHs exhibited a higher resistance than Co2Ni1-GO, which may imply poor
conductivity. Figure 8f depicts Co2Ni1-GO’s cycle stability profile, which plots capacitance
retention (%) against cycle number at a CD of 5 A g−1. It shows that the capacitance
retention (%) decreases with increasing cycle number. However, Co2Ni1-GO has very good
cycle stability, with 91.8% capacitance retention after 10,000 cycles. Both sheets (Co2Ni1-GO
LDH and GO) in composite form may have excellent structural stability, highly active sites,
mechanical strength, and chemical stability, and, therefore, an excellent response to the
charging–discharging cycle test. The asymmetric device (Co2Ni1-GO//AC) was developed
for practical use and functioned throughout a voltage range of 0–1.6 V. When the scan
rate (5–50 mV s−1) is increased, the CV curves exhibit high symmetry, indicating that the
device can transport electrons effectively as shown in Figure 8g. The device achieved a
Cs of 328.7 F g−1 at a CD of 1 A−1 and maintained a high Cs (114.2 F g−1) at a CD of
50 A g−1. Figure 8h shows the cycle stability profile of an asymmetric device by plotting
capacitance (%) against cycle numbers. As the cycle numbers increase from 0 to 10,000,
the capacitance (%) slowly decreases. The device demonstrated 91.3% cycle stability over
10,000 cycles at a CD of 5 A g−1. Furthermore, the device’s ED and PD were found to be
high, at 94.7 W h kg−1 and 750.0 W kg−1

, respectively. According to its high Cs, high cycle
stability, and high ED, Co2Ni1-GO proved to be a potential candidate for energy storage.

3.6. GO-Organic Materials

MOFs have a large surface area and active surface; however, their poor conductivity
limits their electrochemical effectiveness [122]. Additionally, sulfur doping into GO (SGO)
impacts graphene’s electroneutrality and develops charged ion sites, resulting in increased
electrical conductivity. Recently, ZIF-8 MOFs were composited with SGZ (ZIF-8/SGO)
for supercapacitor applications in 6.0 M KOH [114]. Figure 8i represents the CV analysis
of ZIF-8, SGO, and ZIF-8/SGO (SGZ) electrodes at a scan rate of 100 mV s−1. According
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to the CV plots, SGZ showed PC behavior due to sulfur-doped GO contributing to the
redox reaction, and its CV rectangular curve was steep. ZIF-8 and SGO, on the other
hand, demonstrated EDLC and PC tendencies, respectively, as shown by small CV rect-
angular and quasi-rectangular curves. However, the synergistic effect of SGZ showed
a high area CV curve when compared to ZIF-8 and SGO, indicating that it may have
high electrochemical properties that enhance the electrochemical reaction for high energy
storage. At the CD of 1 A g−1, the SGZ (261 F g−1) had greater Cs than ZIF-8 (150 F g−1)
and SGO (246 F g−1). However, the Cs of the SGZ (298–80 A g−1) rapidly reduced when
the CD increased from 0.5–8.0 A g−1. This electrode material of moderate Cs and high
reduction of Cs at elevated CD could be due to morphological and purity issues with
SGZ. Because no significant morphological structure was found, it may have low porosity,
low-activity sites, and moderate conductivity, which could contribute to moderate elec-
trochemical performance. Furthermore, the Rct-related semicircle in the high-frequency
area assigned to the redox reactions and the straight line in the low-frequency region
represented by Warburg impedance are attributed to the electrolyte diffusion within the
SGZ electrode, as shown in Figure 8j. SGZ exhibited lower resistance (Rct) (14.7 Ω) than
SGO (29.6 Ω) and ZIF8 (35.4 Ω). Thus, SGZ may have higher conductivity than SGO and
ZIF-8. However, these resistance values are relatively high compared to the other known
electrode materials [96,102,106,113]. The poor conductivity of the ZIF-8 MOF could reduce
the total composite electrode material’s electrical conductivity, affecting electrochemical
performance. Figure 8k depicts Ragone plots of SGZ vs. other reported electrode materials,
demonstrating that SGZ has more ED than the others. However, the electrode may be a
low-energy-storage electrode material since its high resistance caused it to exhibit poor PD
(231 W kg−1) and ED (13.4 Wh kg−1) values. As shown in Figure 8l, there was no loss in
capacitance retention (%) up to 700 cycles; However, after 1000 cycles, the capacitance (%)
rose to 102%, owing to the SGZ sites’ self-activation over time. The good cycle stability of
SGZ was shown, which might be attributed to chemical stability. Due to its high resistance,
moderate Cs, and cycle stability, SGZ may not be ideal for high-energy-storage applications,
and it may be necessary to optimize the ratio of ZIF-8 and SGO for the efficient composite
to enhance the electrochemical characteristics. The two-electrode setup has not been found
in this investigation.

Similarly, neodymium-MOF-modified GO (Nd-MOFs/GO) was investigated for su-
percapacitor applications in 3.0 M KOH [113]. In this study, Nd-MOFs and Nd-MOFs/GO
exhibited EDLC behavior; however, the rectangular CV curve was larger for Nd-MOFs/GO;
therefore, the composite may have high conductivity and electrochemical performance.
Accordingly, Nd-MOFs/GO may have greater Cs than Nd-MOFs themselves. Modified
MOFs (677.6 F g−1) demonstrated greater Cs than Nd-MOFs (11.1 F g−1) at a scan rate
of 10 mV s−1. The GCD also revealed that modified MOFs had larger Cs (633.5 F g−1)
than Nd-MOFs (11.3 F g−1). Despite having highly active sites, the nanorod morphology
of Nd-MOFs may contribute to their low conductivity, resulting in a very low Cs value.
Conversely, composites containing GO can achieve high Cs because of their highly ac-
tive sites, high porosity, high conductivity, and synergistic effect, which accelerates the
electrochemical reaction through faster ion transportation. However, when exploring the
morphology of Nd-MOFs/GO, the nanorod structure of MOFs was found to be loosely
associated with GO, and the composition of GO was found to be higher than that of Nd-
MOFs. As a result, GO is responsible for the majority of the outstanding electrochemical
performance. As a result, GO might be used in tandem with Nd-MOFs to store large
amounts of electrochemical energy. The modified MOFs demonstrated high cycle stability
(88.7% capacitance retention over 4000 cycles), and the resistance (Rs) of modified MOFs
(0.8 Ω) was lower than Nd-MOFs (0.92 Ω). As a result, modified MOFs may have very high
conductivity, allowing for improved electrochemical performance. This finding indicates
that Nd-MOFs/GO is a long-lasting electrode material in the electrolyte solution that can
successfully serve as a super-capacitive electrode that has high cycle stability. The electrode
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setup resulted in high ED (31.4 Wh kg−1) and PD (1500 W kg−1), and these values indicate
that this composite electrode material may be useful in energy storage.

Another study examined the optimized Ni-BTC MOFs/GO 2 composite in 3.0 M
KOH [102]. In this case, the Faraday reaction of the nickel (Ni2+) ion in the electrolyte
caused the GO composite with MOFs to exhibit PC behavior. Using GCD, Ni-BTC@GO
2 demonstrated a high Cs of 1199.0 F g−1, whereas Ni-BTC only showed 625.6 F g−1 at a
CD of 1 A g−1. Therefore, incorporating GO into MOFs may be a viable way to improve
the electrochemical reactivity of MOFs. It was found that the electrochemical performance
of MOFs was not dependent on morphology but rather on particle size, conductivity, and
crystallinity. As a result, MOFs composited with GO had high Cs, but bare MOFs exhibited
poor Cs despite having an octahedral shape and micron-sized particles. It is also possible
that the MOF’s low performance was due to their bulk structure, which contributed to their
poor electrochemical performance. As a result of their high conductivity and crystalline
structure, the thin layer of GO sheets over micro-sized octahedral MOFs had the greatest
contribution to electrochemical performance. However, when a large number of GO
aggregates on MOF surfaces, the conductivity may be reduced. The Ni-BTC MOFs/GO 2
were able to retain high capacitance (1199 to 676 F g−1) when the CD was increased from
1 to 20 A g−1. Because the resistance of Rs and Rct was discovered to be 0.79 and 7.0 Ω,
the modified MOFs may have a moderate conductivity, whereas the naked Ni-BTC MOFs
may have a poor conductivity material because their resistance was 0.66 and 7.64 Ω. As a
result, the higher conductivity of Ni-BTC/GO may serve as a better electrode material for
energy storage than bare MOFs. The Ni-BTC MOFs/GO 2 showed high cycle stability, with
84.47% capacitance retention even after 5000 cycles. The high cycle stability was due to
the GO sheets improving the structural properties of Ni-BTC, which increased the contact
region between the electrode and the electrolyte, reducing the ion diffusion path and
retaining the activated sites of Ni-BTC MOFs for energy storage during the electrochemical
reaction. With the assistance of GO functionalization on MOFs, the electrochemical reaction
between electrolyte ions reduces the dimension change of Ni-BTC MOFs, which improves
the cycle stability of composite electrode materials. Additionally, during operation in
the 0–1.6 V range, the asymmetric device (Ni-BTC MOFs/GO 2//AC) demonstrated a
moderate ED of 42.89 Wh kg−1 at a PD of 800 W kg−1. Over 10,000 cycles, this device was
able to achieve 70% cycle stability in capacitance retention. The Ni-BTC MOFs/GO 2 have
shown promising properties as an electrode material for a device application, including
good conductivity, high-electrolyte contact surfaces, and high stability. When compared to
other MOF/GO composites, the findings suggest that Ni-BTC MOFs/GO 2 might be an
exceptional electrode.

In the electrolyte of 1.0 M H2SO4, the bioinspired organic molecule ABQA-modified
GO/carbon paper (ABQA-GO/CP) showed both PC and EDLC behavior [101]. On the
other hand, ABQA and GO/carbon paper, respectively, were the cause of the PC and EDLC
behaviors. The ABQA-GO/CP electrode performs well because of the synergistically high
charge transfer that results from the covalent binding of GO and ABQA. Accordingly,
by using CV measurement, the maximum Cs of the ABQA-GO/CP was identified to be
203.2 F g−1 at 5 mV s−1, while GCD revealed 235.5 F g−1 at 0.5 A g−1. The rising scan
rates and CDs were 203.2 to 7.8 F g−1 and 235.5 to 205.5 F g−1, respectively, from 5 to
500 mV s−1 and 0.5 to 10 A g−1. The findings reveal that raising the scan rate did not
sustain the electrode’s Cs, while increasing the CD accomplished it. The cause might be
insufficient time for ion diffusion from the electrolyte to the electrode surface at a higher
scan rate or CD. In contrast to other composites consisting of GO-organic materials, the
electrochemical performance of this organic molecule functionalized GO/CP was notably
poor, as evidenced by its low capacitance (Cs), increased scan rate, and CDs that were inca-
pable of sustaining its initial capacitance. The potential cause for the collapsed or deformed
morphology of GO following ABQA functionalization is the presence of low-activity sites,
fewer pores, reduced ion diffusion, and the potential for delayed ion transportation, all
of which contribute to diminished electrochemical performance. The designed symmetric
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device (ABQA-GO/CP//ABQA-GO/CP) was evaluated in the range of −0.2 to 1.2 V and
indicated lower Cs than the three-electrode system. Accordingly, the GCD investigation
revealed 134.1 F g−1 at 0.5 A g−1 but with good capacitance retention (113.4 F g−1) even at
10 A g−1. On the other hand, the device’s organic molecule-functionalized GO/CP exhibits
a lower resistance, potentially enhancing its electrochemical performance. Accordingly, the
device’s low resistances (Rs and Rct) of 0.63 and 0.79 Ω cm2 suggest the potential for excel-
lent conductivity. The device achieved high ED and PD of 32.8 Wh kg−1 and 1256 W kg−1,
respectively, at 0.5 A g−1. This device demonstrated good cycle stability, retaining 106% of
capacitance over 5000 at 5 A g−1. The ABQA-GO/CP electrodes may have good chemical
stability, in addition to the combined contribution of the faradaic redox reaction by ABQA
and EDLC by GO, which may account for the overall symmetric device performance. As a
result, the organic material composite containing GO demonstrated excellent electrochem-
ical performance, making it potentially valuable in industrial applications. Overall, the
MOF performance.

3.7. GO-MXene

Laser-induced graphene (LIG) has been consistently investigated recently to analyze
graphene’s scalability in energy storage applications. LIG has found applications in various
domains, including energy storage devices and wearable sensors, owing to its elementary
fabrication process. Electrodes based on LIG have a more porous structure and superior
conductivity. Despite this, supercapacitors continue to struggle with high capacitance
issues as a result of the porous structure of laser-induced graphene electrode materials,
which restricts conductivity and is inadequate for ion transport. Therefore, to improve
electrochemical performance, high-conductivity composites should be used to increase
the conductivity of laser-induced graphene. As a result, Fu et al. designed the self-
assembled MXene-GO composite on polyamide film-enhanced LIG (LIG-C) to investigate
electrochemical energy storage in the H3PO4-PVA electrolyte [118]. They also studied LIG
on bare polyamide (LIG-PI) surfaces for comparison. Accordingly, the electrodes based on
LIG-PI and LIG-C exhibited high capacitance retention of 98.75% and 102.4%, respectively,
over 1000 cycles, indicating excellent stability. They also tested that the LIG-C film electrode
was capable of showing a high capacitance retention of 98.9% even after 6 months. The
MXene-GO uniformly drop-coated polyamide film could be the reason for its chemical
stability due to its high resistance to chemicals and high structural stability. They also use
LIG technology to shape the film electrode, which has a graphene structure that is made
up of very tightly stacked layers with porous structures that can effectively interact with
many electrolyte ions. During the cycle test, the film structure may not be involved in
volume expansion and contraction, thus achieving its high cycle stability. In contrast, the
resistance values of these electrode materials are significantly higher than those of other
GO composites. As a result, LIG and LIG-C have respective Rs values of 242 and 182 Ω.
These high resistivity values may be due to the polyamide film’s insulating properties,
which could make MXene and GO less conductive. Consequently, the overall conductivity
of the film is very low. However, LIG-C film has a lower resistivity than LIG-PI film. This
might be because laser-induced graphene technology creates unique atomic structures
of graphene on MXene-GO-polyamide film, which makes it possible for it to have low
resistivity. Despite the use of LIG, there are still challenges to obtaining a low resistivity
for the films, which may affect their electrochemical performance. Additionally, the LED
lights were illuminated by the series-connected optimized, integrated device operating
within the voltage range of 0.8–2.4 V. Similarly, utilizing CO2 laser-induced patterning,
a self-assembled MXene-GO electrode was fabricated and investigated in H3PO4-PVA
electrolyte [103]. In contrast to MXene, the MXene-GO electrode exhibited elevated integral
CV curves, which resulted in correspondingly lower Cs for MXene. The capacitance
retention of this composite electrode remains constant at 92.6% for 1000 cycles. The
elevated capacitance retention observed in the MXene-GO can be attributed to the efficient
ion transport facilitated by the GO composite. In addition, it may be because the MXene-
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GO electrode has a highly uniform film coating, is structurally and chemically stable, has
conductivity, has many active sites, and has channels for moving high ions. Moreover,
an MXene-GO (planar 3) supercapacitor device was devised, demonstrating exceptional
capacitance retention (94.8%) throughout 1000 cycles. The prepared MXene-GO film proved
capable of maintaining high cycle stability in device applications, which could be the reason
for uniform film morphology, structural stability, and chemical stability. The results of this
investigation demonstrated that an MXene-GO composite featuring optimized mass ratios
exhibited superior ion transportation and higher Cs compared to bare MXene. The LIG or
other laser-induced method for etching the film electrodes for supercapacitors may be used
in flexible or other electronic applications. Better electrochemical performances, however,
need to be optimized in terms of the material ratio, film morphology, and film structure to
increase porosity and conductivity.

In 1.0 M H2SO4, PC behavior was observed on CTAB-functionalized GO@polyaminoa-
nthraquinone-MXene (CGO/PDAAQ-MXene) film [117]. According to Figure 9a, the CV
curves of MXene and CGO/PDAAQ films were substantially identical, indicating that
they exhibited excellent capacitance properties. However, CGO/PDAAQ produced a
slightly larger curve, indicating that it may function better than MXene. On the other hand,
the strong synergistic impact of CGO/PDAAQ-MXene might be a greater electrochem-
ical performance with quite a larger CV integral area than MXene and CGO/PDAAQ-
MXene. Consequently, the composite electrode’s Cs could be higher than that of MXene
and CGO/PDAAQ. The authors claimed that the elevated capacitance was a result of
the substantial electron transfer facilitated by benzoquinone in PDAAQ, followed by the
MXene contribution. At 1 A g−1, the Cs of CGO/PDAAQ-MXene was determined to
be 346 F g−1, while CGO/PDAAQ exhibited 183 F g−1. The high Cs are also due to the
morphology of the composite film, which shows a high number of nanotubes (PDAAQ)
with sheets (CGO) on MXene film. Rough surfaces may have highly active sites and high
porosity, allowing for high electrolyte ion contact and shorter ion paths for faster ion trans-
portation for high energy storage. The Cs may be contingent on the electrodes’ conductivity.
Nevertheless, the resistance (Rct) of the CGO/PDAAQ-MXene (1.15 Ω) was higher than
that of MXene (0.89 Ω) in this study. The poor conductivity of the composite film might be
due to a difference in the electronic structure of the materials that were mixed to produce a
composite form, resulting in conductivity variations. Figure 9b depicts the cycle stability
profile of a composite film electrode, illustrating capacitance retention (%) and coulombic
efficiency vs. cycle numbers. It shows that increasing the cycle numbers from 0 to 5000
steadily decreases capacitance retention while maintaining coulombic efficiency. Accord-
ingly, CGO/PDAAQ-MXene demonstrated exceptional cycle stability, retaining 83% of its
capacitance and 100% of its coulombic efficiency after completing 5000 cycles. The chemical
and structural stability of CTAB-modified GO functionalized with conducting polymer
(PDAAQ) decorated on MXene structures may be attributed to its high cycle stability. An
additional asymmetric device (CGO/PDAAQ-MXene//rGO) was utilized for electrochem-
ical performance at 1.8 V. At 0.5 A g−1, the device’s Cs was measured at 114 F g−1, and
it maintained capacitance retention of 70.3% over 10,000 cycles. The Ragone plots of ED
and PD values were calculated from the GCD curves for this asymmetric device and are
shown in Figure 9c. The CGO/PDAAQ-MXene/rGO comparison with reported devices
shows these plots. As the device’s ED decreased, there was an increase in the PD. Generally,
supercapacitors have such high PD that they can release energy rapidly, but due to their
low ED, they store only low energy. Therefore, the research could focus on improving the
ED of the supercapacitor by making an effective electrode design and structure for more
energy storage to use fast charging and discharging. The device observed a low PD of
404 W kg−1 and a high ED of 41 Wh kg−1, and this device shows higher values compared
to other reported devices. Furthermore, Figure 9d depicts the LED function achieved by
connecting two devices in series, which may light up a series of LED bulbs. Therefore,
based on the Cs, cycle stability, and device application, this CGO/PDAAQ-MXene film
may be a suitable candidate for high-energy-storage supercapacitor applications.
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Figure 9. (a) CV curves of CGO/PDAAQ@MXene and other electrodes at 10 mV s−1. (b) Cyclic
stability of CGO/PDAAQ@MXene. (c) Ragone plot of the CGO/PDAAQ@MXene//rGO device.
(d) Powering up of the LED light by CGO/PDAAQ@MXene//rGO device (reproduced with per-
mission from [117]). Copyright 2023, Elsevier. (e) Cycle stability of WS2@MXene/GO electrode at
10 A g−1. (f) Schematic diagram of the developed WS2@MXene/GO//AC device. (g) Initial and
after 20 min lighting of red and green LEDs by the WS2@MXene/GO//AC device (reproduced with
permission from [119]). Copyright 2023, Elsevier. (h) CV curve of GO and BGO. (i) EIS spectra of
GO and BGO. (j) Cycle stability of BGO. (k) The Ragone plot of BGO (reproduced with permission
from [120]). Copyright 2023, Elsevier.

The electrochemical use of MXene has been severely hampered by several issues,
including restacking due to weak hydrogen bonding and van der Waals forces, as well
as oxidation weaknesses in colloidal solutions [119,123,124]. Furthermore, tungsten sul-
fide (WS2) exhibits inadequate ion transport, low electrical conductivity, and deficient
Cs. Carbon-based materials, characterized by high electrical conductivity, excellent ac-
tive sites, and high structural stability, ought to be incorporated into MXene and WS2
composites to mitigate these concerns and attain desirable electrochemical properties.
Therefore, Hussain et al. synthesized a WS2-MXene hybrid composite (WS2@MXene/GO)
containing GO for an electrochemical investigation in 1.0 M KOH [119]. This compos-
ite material exhibited battery-like activity, as determined by CV analysis. The Cs of
the WS2@MXene/GO electrode (1111 F g−1) was found to be higher than that of MX-
ene (270 F g−1), GO (138 F g−1), WS2 (229 F g−1), and WS2@MXene (852 F g−1) at a CD
of 2 A g−1. Comparatively, WS2@MXene/GO exhibited the highest electrochemical per-
formance because GO functioned exceptionally well with the WS2@MXene composite.
Furthermore, the composite material exhibits a high conductivity due to sufficient exposure
to electroactive sites, elevated ion diffusion, and high porosity. Although the composite
material composition (WS2@MXene/GO) lacked distinct morphology, exhibited low crys-
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tallinity, and had a small surface area (12.9 m2 g−1), it achieved a high Cs, which could
potentially account for its low resistance, highly active sites, and structural stability. Even
though the CD increased from 2 to 20 A g−1, the Cs remained high at 601 F g−1. Addition-
ally, the electrode’s conductivity may be quite high as a result of the comparatively low
resistance values (Rs and Rct, 2.3 and 0.41 Ω, respectively). The cycle stability profile of
WS2@MXene/GO is illustrated in Figure 9e. From 0 to 5000 cycles, the capacitance retention
(%) decreased very slightly. Accordingly, the WS2@MXene/GO composite maintained
97.15% of its capacitance over 5000 cycles. The material composition of the composite
contributed to its long-cycling stability and facilitated rapid ion transport in the electrolyte.
Figure 9f depicts a schematic representation of the structural arrangement of an asymmetric
device with anode and cathode electrodes of WS2@MXene/GO and activated carbon (AC),
respectively, sandwiched by a KOH-dipped Whatman filter paper as a separator. An asym-
metric device (WS2@MXene/GO//AC) was built and examined in 1.0 M KOH, showing
a Cs of 320 F g−1 at a CD of 2 A g−1. Furthermore, this asymmetric device achieved
high ED and PD values of 95 Wh kg−1 and 1000.4 W kg−1, respectively. The device also
demonstrated high cycle stability, with a capacitance retention of 93.1% after 15,000 cycles.
For practical application, Figure 9g depicts the initial and after 20 min of red and green
LED illumination by five serially connected WS2@MXene/GO//AC devices. This serially
connected asymmetric device was tested to light up the red and green 4 V LEDs for 20 min
after charging for 40 s. Finally, the GO composite with MXene-based electrode films or
materials demonstrated very high cycle stability owing to their composition and structural
stability during charging–discharging cycles, as well as high ED. Because the film electrode
is coated over insulated materials like glass, polyamide, and other low-conductivity poly-
mer films, its conductivity is lower than that of powder-formed electrodes. As a result,
these substrates may influence the conductivity of active materials on them. Thus, the
powder form of electrode materials exhibits strong conductivity without the assistance
of base substrates. Thus, the powder electrode material form of GO-MXene may provide
higher performance than film-type GO-MXene-based electrodes.

3.8. GO-Bacteria

The robust cell walls of bacteria enable them to endure a wide variety of hostile
environments. They are renewable resources that are inexpensive, abundantly available,
and environmentally friendly. Consequently, microorganism-based materials have gained
prominence as appealing biological substances for supercapacitor applications in recent
times. Also, a bacterial cell culture derived from Bacillus subtilis was employed as the N2
source for the electrode material [125]. In light of the merits associated with this biological
material, Verma et al. investigated the electrochemical properties of a Bacillus subtilis@GO
composite (BGO) [120]. Figure 9h depicts the CV curves of GO and BGO, indicating that
the rectangular form area of B@GO was greater than GO. As a result, BGO might have
a stronger electrochemical performance than GO. Thus, the Cs of GO were observed to
be improved after its composite with Bacillus subtilis. As a result, B@GO (111 F g−1)
exhibited higher Cs than GO (38.1 F g−1). High capacitance values of bacteria composites
with GO may be attributable to the presence of bacterial heteroatoms (N), which contribute
to surface area and sufficient active sites. However, the weakened sheet shape of BGO
continues to offer a highly active site for electrochemical reactions. Furthermore, Figure 9i
depicts Nyquist plots of GO and B@GO, with straight and sloping lines in the high- and
low-frequency ranges. With a small slope and vertical line, the BGO electrode may have
capacitive performance and low charge-transfer resistance. With a steeper slope and a less
vertical line, GO electrodes demonstrate poor capacitive performance and high charge-
transfer resistance. Accordingly, it was observed that the charge-transfer resistance of
B@GO (29.2 Ω) was comparatively lower than that of GO (47.6 Ω), indicating that B@GO
potentially possesses a good conductivity. As a result, the bacterial solution may have
strong conductivity properties that may boost the conductivity of GO. Figure 9j displays
the cycle stability profile of B@GO, showing that capacitance retention (%) steadily declines
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as the number of cycles increases from 0 to 5000. According to the cycle stability profile,
B@GO demonstrated significant capacitance retention (86.9%) over 5000 cycles at a CD
of 1 A g−1. ED and PD were found to be lower than expected, at 15.4 Wh kg−1 and
249 W kg−1, respectively, at a CD of 1 A g−1, through this electrode. Figure 9k shows the
Ragone plots of the B@GO electrode at different CDs for plotting the ED against PD. The ED
of B@GO gradually decreased with increasing CDs (1 to 20 A g−1) at the corresponding PD,
whereas GO shows very low ED compared to B@GO. Conversely, GO only showed an ED
of 5.2 Wh kg−1 at a PD of 248 W kg−1. On the other hand, B@GO revealed 15.42 Wh kg−1

at a PD and CD of 249 W kg−1 and 1 A g−1, respectively. For practical applications, the
B@GO has not been utilized to construct any devices for electrochemical investigations.
As a result, the B@GO electrodes performed better than the GO electrodes due to their
typical compositional properties, surface affinity by bacteria functionalization, improved
conductivity, structural stability, and highly active sites. Also, the heteroatom doping by
bacteria on GO surfaces helps with electrochemical kinetics.

3.9. Discussion

The electrochemical results of GO and its different composites were studied using
three- and two-electrode systems, and the results are shown in Table 3. Using three
electrodes, it is evident that GO/CNT/COF, 10%GO/WO3, and Nd-MOFs/GO provide
better CV results when compared to other composites, with high Cs of 544.9, 688.0, and
677.0 F g−1, respectively. The reason for this might be that certain electrode material compo-
sitions have a highly active site, porosity, capacitive and redox activity, and electrolyte ion
permeability. The AC/TiO2/GO and ABQA-GO/CP had lower Cs than the others because
they may have slow-moving charge-transfer ions, fewer electrochemical sites, a lower redox
property, etc. In addition, GCD analysis showed that some other electrodes worked better
on high Cs. These included NCWO4/f-MWCNT/GO (1166.6 F g−1), AC/GO/TiO2-Zn
(1491.0 F g−1), Bi2O3/GO (1029.0 F g−1), Co2Ni1-GO (3317.5 F g−1), Ni-BTC MOF/GO 2
(1199.0 F g−1), and WS2@MXene/GO (1111.0 F g−1). High-conductivity electrodes, high
charge-transfer ions, high electrochemical properties, and highly active sites that lead to
high conductivity and allow the high electrochemical performances and quick ion transport
from electrolyte to electrode surfaces might be the cause of the high Cs. Generally, Cs
values of electrode materials vary with scan rate during CV. As a result, at high scan rates,
the sluggish migration of electrolyte ions toward the electrode’s active sites induces a drop
in Cs. Low scan rates, on the other hand, provide for easy passage through electro-active
regions as well as rapid diffusion of electrolyte ions, resulting in high Cs. The same may
be observed for Cs at high and low current densities during GCD. Low Cs at higher cur-
rent density might be due to inadequate time for electrolyte ions to reach electro-active
sites, resulting in low Cs, while high Cs at low-current density indicate enough time for
electrolyte ions to acquire electro-active sites and high Cs. Because studies use different
scan rates and current densities during CV and GCD analysis, respectively, the Cs values
compared to electrode materials seem quite strange. However, the electrode materials
that may exhibit high Cs at fast scan rates and high-current density may have significant
potential for energy storage.
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Fast charge/electron transfer made possible by the conductivity of the electrode
materials is a key characteristic linked to high energy storage. The electrical structure
of the electrode materials affects the high and low conductivities. In general, the zero-
bandgap electronic structure of carbon-based materials results in excellent conductivity.
The conductivity is also affected by the electro materials’ impurities. Thus, the material
used to synthesize or fabricate an electrode should be of high purity. To obtain better
electrochemical performance, it is preferable to develop electrode material composites with
high conductivity that include carbon-based materials. Furthermore, film-type electrodes
(CGO/PDAAQ-MXene film) exhibit higher resistance in comparison to powder-based
electrode materials (FGO, NCWO4/f-MWCNT/GO, 10%GO/WO3, Bi2O3/GO, Cu2O-
CoO/GO, Co2Ni1-GO, Nd-MOFs/GO and WS2@MXene/GO). This is attributed to the
formation of coatings on insulating substrate materials, including glass, polyamide, and
other low-conductivity polymer materials. Consequently, it may be advantageous to
enhance the total conductivity through the use of the coated substrate’s conductivity
characteristic. On the other hand, film-type electrode materials are more expensive to
fabricate than powder-based electrode materials. However, the film-type electrode might
be practical for flexible electronic applications. So, films with high conductivity and low
cost should be the core of research.

The cycle test is useful for studying the electrode materials to determine how much ini-
tial capacitance they maintain with increasing cycle numbers at a particular current density.
The capacitance (%) of the electrode materials is almost equal to 100%, while increasing
the cycle numbers might mean those electrode materials are highly structurally stable
during charging–discharging, and the energy storage is accomplished over the physical
adsorption and desorption of ions on the electrode and electrolyte interface, which can be
observed in electrode materials such as NCWO4/f-MWCNT/GO, MnFe2O4/GO, GO@
Fe3O4-IL@W, NMGO, Co2Ni1-GO, WS2@MXene/GO, and MXene-GO film. In another case,
the capacitance retention (%) increases by more than 100% as the cycle numbers increase
due to self-activation; however, after the self-activation step, the capacitance retention rate
gets to the initial capacitance value or is slightly less than 100%, as seen in SGZ, ABQA-
GO/CP, and LIG-C films. On the other hand, the capacitance (%) of electrode materials
(Bi2O3/GO, NGO/CuFe2O4, NiS/CoS/GO, and GO-MnSSe) progressively decreases as
the cycle number increases owing to modest structural change but no deterioration; these
materials are relatively stable when charging and discharging. It might also be the cause of
charge transfer during chemical reactions and phase transformations, as well as volume
expansion and contraction of electrode materials throughout the cycling process. Therefore,
the electrode materials synthesized should have high structural stability and chemical
resistance. Although the structure and physio-chemical properties of electrodes have an
impact on cyclic stability, EDLC-based electrodes exhibit greater cyclic stability than PC or
battery behavior-type electrodes, and test conditions also play a role [126]. In this review,
the performance of GO-metal oxide, GO-MXene, and GO-Layered double hydroxides
electrode materials in the three-electrode system was found effective.

The PD and ED results of the device might be determined by its overall electro-
chemical performance. However, in general, the PD of the supercapacitor is high; con-
sequently, it may be more prudent to concentrate on improving the device’s ED, given
that its energy storage is determined by its ED values. Higher and lower energy stor-
age on the device corresponds to higher and lower ED, respectively. Consequently, de-
vices that have higher ED can be found, including AC/GO/TiO2-Zn//AC/GO/TiO2-Zn,
Co2Ni1-GO//AC, WS2@MXene/GO//AC, NCWO4/f-MWCNT/GO//AC, and MnS-
La2S3/GO//MnS-La2S3/GO. The electrolyte is an essential part of supercapacitors that
transfers and balances energies between the two electrodes. The choice of electrolyte is crit-
ical to the safety and performance of supercapacitor devices since most electrode materials
are stable in base electrolytes rather than acids. Aqueous electrolytes have higher conduc-
tivity than acids and ionic electrolytes, which helps to reduce resistance and improve device
performance. One potential explanation for the solution’s elevated conductivity, leading
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to a greater abundance of electrolyte ions, is the potential for increased energy and power
density. Because of this, good conductivity and a lot of electrolyte solutions could make
the devices work better overall. The ternary composite structure-based devices were also
found to be more stable over a wide range of cycles than other structured composites. The
additive effect of the ternary-type compound may be what makes the electrolyte solution
so good at conducting electricity and moving charges around. The overall performance
of the three-electrode system was better than the two-electrode system. This is because
the three-electrode system uses a single working electrode, which allows for high con-
ductivity and fast charge transfer. However, the precise measurement of energy storage
may be considered for the two-electrode system’s use. High cycle stability of the devices
for the composition of GO with fluorine, metal sulfides, layered double hydroxides, and
MXene was shown to be good due to high structural stability and faster ion transportation.
According to device ED findings, GO-metal oxides, GO-layered double hydroxides, and
GO-MXene performed better than other types of devices in the two-electrode setup due to
their good Cs and high cycle performance.

4. Simulation Studies

The electrode materials’ electrical structure, which can influence the energy storage
performance, can be obtained by simulation study. The design of materials for supercapaci-
tors that have higher ED and PD may now be assisted by density functional theory (DFT)
simulation studies. DFT simulations, often used to study the physics and chemistry of solid
states, provide a computationally efficient method for calculating structural, electrical, and
thermodynamic aspects from quantum mechanics. The basis of this simulation is the solu-
tion of the system’s body’s Schrodinger equation using different wave functions. As can be
shown in the previous reports, there are two DFT theorems for studying the system’s energy
states and the electron density using the Kohn–Sham equation [127,128]. Additionally, the
widely used and accessible density functional computation to examine the electron density
location is the local density approximation (LDA) [129]. Later, the accuracy of LDA was
enhanced by the use of the generalized gradient approximation (GGA) functional theory.
In solids computing, the most often used GGA functional is the Perdew–Burke–Ernzerhof
(PBE) functional [130]. The self-interaction error that occurs when electrons are randomly
transferred between many positions is not eliminated by GGA or LDA, which may lead
to multiple calculation mistakes in the redox energy. The Hubbard-U correction approach
was used to resolve this problem. The exchange (J) and Coulomb energies (U) may be
used to describe the on-site Coulomb interactions. Furthermore, in comparison to the
Hubbard-U correction technique, the hybrid DFT methodology is employed to explore
the independence of structure and more precise predictions for electrode attributes. The
Hartree–Fock (HF) exchange technique was introduced to the hybrid DFT to correct the
electron self-interaction mistakes and avoid the problem of excessive delocalized states in
the local approximation. The Heyd–Scuseria–Ernzerhof (HSE06) functional is the only one
that combines fractional PBE–GGA exchange and exact partial exchange to complete PBE
correlation. It is also used to forecast precise poor gap values. As a result, DFT simulations
provide fundamental properties of materials, including charge transport, lattice stability,
and electronic structure.

To predict the physical properties of the electrode material, such as crystal structure,
electronic interaction, ion diffusivity, and phase transition, as well as the atomic-level
structures of the electrode material, DFT calculations are used to study the interactions be-
tween nuclei atoms and electrons and the bonding between atoms. Software like Quantum
Espresso (version 6.3), VASP (version 6.4.1), DMol3 (version 7.0), Gaussian 16 (Revision
C.01), CASTEP (version 23.1.1), WIEN2K (version 23.2), Turbomole (version 7.7), etc., are
used for DFT calculations. An essential factor in controlling an electrode material’s elec-
trical characteristics is its electronic density of states (DOS). Accurate band structure and
electronic states were studied using quantum mechanical techniques, and the DOS investi-
gations immediately provide insight into a material’s conductivity, magnetic properties,
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bonding mechanism, and doping impact [127]. Partial density of states, or PDOS, is a study
of orbital hybridization and bonding process. It describes the contribution of a particular
atom’s orbital to the overall DOS of the corresponding material. Moreover, the increase or
decrease in the number of states at the Fermi level of a particular orbital determines the
transfer of charge.

A thorough understanding of the electrochemical performance of materials may be
gained by theoretical research on the electrode–electrolyte kinetic behavior by estimating
various parameters using DFT. Consequently, the ions’ mobility, which contributes to
improving the charge transfer in the supercapacitor, may be developed by a diffusion
energy barrier of ions that has little impact on the electrode surface. Therefore, a better
way to understand the mobility of electrolytic ions and maybe value their charge storage
ability is to forecast their diffusion energy using simulation tools. Additionally, Luryi
introduced the concept of quantum capacitance (QC) for two-dimensional electron gas in
1988 [131]. The differential in electric charge that relates to the electrochemical potential
is also known as chemical capacitance. QC predominates in 2D systems-based materials
(carbon) used as supercapacitor electrode materials [132]. Measuring the energy storage
capability of materials requires an understanding of the relationship between electrode
voltage and quantum capacitance. It includes a kinetic constant by the DOS as well
as an electrostatic component that analyses the interactions between electrons and their
connections. While the molarity of the solution affects the electrochemical capacitance, the
inner quantum structure of the electrode determines the QC [119]. The equation for the
quantum capacitance of electrode materials may be found in the previous study [133,134].
Furthermore, the charge storage capability of a material may be theoretically assessed by
determining the voltage induced by ions [135].

Karmakar et al. recently conducted a study on the structure and electrical charac-
teristics of NiGa2O4/rGO using VASP combined with a PAW-GGA exchange-correlation
functional code [132]. The study revealed that the weak van der Waals forces were respon-
sible for the interactions between the (311) surface of NiGa2O4 and rGO. Figure 10a depicts
the DFT-optimized structure of (311) surface rGO-supported NiGa2O4. According to this
figure, the distance between NiGa2O4 and rGO was measured to be 0.33 nm. The electronic
state of NiGa2O4/rGO was determined to be greater than that of NiGa2O4 around the
Fermi level in the DOS analysis. Composite with rGO may enhance the conductivity of
NiGa2O4 by improving the electron states around the Fermi level. Consequently, increased
conductivity results in larger Cs of the material. In the partial density of states (PDOS), the
electronic states associated with the carbon 2p orbital are found to be more pronounced
around the Fermi level in the hybrid structure compared to the unmodified rGO. This
enhancement is attributed to the substantial transfer of electrons from NiGa2O4 to rGO.
The charge transfer occurred due to the orbital interactions involving the 3d orbital of Ni,
as well as the 4s and 4p orbitals of Ga, with the 2p orbital of C. In addition, Bader charge
analysis revealed that a charge of 0.072e was transferred to rGO. The quantum capacitance
(QC) is higher for the low-dimensional system with a hybrid structure compared to the bare
electrode materials when considering a broad range of potential, as shown in Figure 10b.
Hence, the orbital interactions and charge transfer from NiGa2O4 to rGO significantly
contribute to enhancing the electrochemical performances of this hybrid material.
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Figure 10. DFT studies of (a) geometry-optimized composite structure of (311) surface of
NiGa2O4/rGO. (b) Variation of QC with the applied potential for the surface of NiGa2O4/rGO (re-
produced with permission from [132]). Copyright 2021, The American Chemical Society. (c) HOMO–
LUMO molecular orbitals for the optimized structures of various electrodes using DFT. (d) HOMO–
LUMO molecular orbitals for the optimized structures of various electrodes with K+ and Cl− ions
using the COSMO solvation system (reproduced from [136]). Copyright 2023, The American Chemi-
cal Society. (e) CoS2(2 0 0) and CoS2(2 0 0)@C surfaces of before and after OH− adsorption onto Co
atom. (f) TDOS-optimized configuration of CoS and CoS2 (reproduced with permission from [137]).
Copyright 2023, Elsevier. (g) PDOS of WS2@MXene/GO, (h) QC of GO, WS2, MXene, WS2@MXene,
and WS2@MXene/GO obtained using DFT (reproduced with permission from [119]). Copyright
2023, Elsevier. (i) Electrostatic potential mapping of the surface model of GO-MnO2, MnO2-CoNi,
and GO-MnO2-CoNi (reproduced with permission from [138]). Copyright 2024, Elsevier.

Another work utilized SIESTA version 4 to analyze the DOS and QC of graphene
treated with epoxide–hydroxyl and N-doped graphene [139]. The electrical conductivity of
both functionalized graphene may be higher than that of bare graphene because electronic
states are very near to the Fermi level, which intensely modifies its DOS owing to the
presence of functional groups on the graphene’s surface. Furthermore, QC was computed
from the DOS, and greater QC values were seen for both functionalized graphene and
naked graphene. The simulation studies determined that N-doped graphene (CQ = 0)
and epoxide–hydroxyl-treated graphene (CQ = 34.6 μF cm−2) could potentially serve as
positive and negative electrodes, respectively, in an asymmetric supercapacitor, based on
their respective CQ values. Islam et al. recently employed DFT simulation to examine the
electronic structure of single-layer (GO/rGO) and double-layer (rGO-GO, rGO-rGO, GO-
GO, and GO-rGO) screen-printed electrodes by analyzing their highest occupied molecular
orbital (HOMO) and highest occupied molecular orbital (LUMO) energy gaps [136]. The
energy gap of HOMO and LUMO was discovered to be greater in a double-layer screen-
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primed electrode than in a single layer, as shown in Figure 10c. Additionally, the energy
gap of HOMO and LUMO was observed to be greater in hydrated electrodes (containing
K+ and Cl− ions) compared to non-hydrated electrodes, as shown in Figure 10d. This
suggests that hydrated electrodes may possess a more stable electronic structure.

DFT simulations were recently used to investigate the performance and calculation
of OH ios adsorption energy and its adsorption on CoS2@C sites for the CoS2@gC/rGO
electrode material [137]. Before and after OH− ion adsorption on the surfaces of CoS2(200)
and CoS2(200)@C are depicted in Figure 10e. The adsorption energy of -OH ions on
the Co site of the CoS2(200) surface was observed to be higher in comparison to the
CoS2(200)@C surface. Moreover, according to the Bader effective charge values, CoS2(200)
(−0.079 eV) acquired negative charges as a result of a greater number of electrons being
adsorbed, whereas CoS2(200)@C exhibited positive Bader effective charges (0.029 eV) as a
consequence of electrons being neglected on Co atoms. Thus, OH− adsorption towards
CoS2(200)@C may be higher than that of the CoS2(200) slab surface. Additionally, the
material’s total density of states (TDOS) was investigated using PBE + Ueff. Accordingly,
Figure 10f depicts the total TDOS of each unit cell and Co 3d contributions in CoS2 and CoS
by PBE + Ueff functional. The TDOS of CoS2 was observed to be higher than that of CoS,
possibly because the energy peaks near the Fermi level are higher in CoS2. Consequently,
the electronic conductivity of CoS2 may be higher. High electronic conductivity and high
electron transfer in the electrode material will, therefore, permit high electrochemical
performance in supercapacitor applications.

On the plane of (001), a DFT first-principles calculation was performed on the electrode
materials WS2-embedded MXene/GO [119]. The bond lengths of GO (C–C (1.42 Å) and
C–O (1.46 Å)) were observed to be comparatively shorter than MXene ((Ti–C (2.03 Å)) and
WS2 (W–S (2.42 Å)). This discrepancy in bond length was attributed to the covalent bond
between WS2 and MXene. Additionally, Figure 10g represents the PDOS results, which
demonstrate that the high conductivity of WS2@MXene/GO is due to the high overlap
between the valence and conduction bands near the Fermi level, which confirms the
metallic character of the electrodes. Furthermore, Figure 10h shows quantum capacitance
(QC) values for the WS2@MXene/GO structure (1024.3 μF cm−2) were significantly higher
than those for WS2@MXene (931.6 μF cm−2), owing to the dominance of Ti d-states at the
Fermi level. However, it produces an exceptionally high QC value of 1404.4 μF cm−2 while
operating at a negative potential voltage of −0.16 V. WS2@MXene/GO may be a promising
electrode material to boost the electrochemical performance in supercapacitors because of
its high energy levels and good QC. Similarly, the van der Waals interaction between CoSe2
and rGO resulted in zero band gap values for CoSe2 and CoSe2/rGO was observed by DOS
calculation, and the DOS peak intensity was higher for CoSe2-rGO near the Fermi level than
for CoSe2, suggesting that both are metallic and may have high conductivity [140]. The
difference in charge density indicates that both positive and negative charges are collected
near the CoSe2 and rGO surfaces. Consequently, as compared to rGO, a higher amount of
OH− ion could be adsorbed in the electrolyte using CoSe2 surfaces. Therefore, compared
to CoSe2-rGO (−3.0 eV), the adsorption energy of the OH− ion on CoSe2 (−2.6 eV) was
lower. Moreover, for CoSe2-rGO and CoSe2, the distance between the OH-ion and the Co
site was 1.999 Å and 2.035 Å, respectively. After wrapping CoSe2 with rGO, these DFT
analyses demonstrate that OH−is strongly adsorbed on the CoSe2 surface. Because of this
beneficial effect, CoSe2-rGO may be a suitable electrode material to improve electrochemical
performances. This is because of its metallic nature, higher adsorption energy, and short
distances to adsorb OH− ions.

Yang et al. investigated chrysin-modified rGO (CHY-rGO) for use in supercapaci-
tors [141]. To do this, they used DFT modeling to study the adsorption of chrysin on GO.
They found that the π–π parallel approach is very stable when chrysin is combined with
rGO and that 1.18 eV is the maximum adsorption energy. It was discovered that there
was a significant amount of charge (electrons) accumulating on the CHY-rGO surfaces
as a result of the oxygen atom on the chrysin surfaces, which readily causes electrostatic
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interaction between rGO and chrysin. The CHY-rGO electrode’s strong charge buildup
and high adsorption energy may thus contribute to its high Cs, ED, PD, and cycle stability.
Additionally, CHY-rGO’s DOS peak intensity was greater than that of bare rGO, suggesting
that CHY-rGO may be a high capacitance electrode. Furthermore, the DOS and PDOS
of carbon (C) on CHY-rGO overlap (π-π stacking interactions) close to the Fermi level,
suggesting that there exist forces between the CHY and rGO’s C-2p orbitals in the CHY-
rGO. It may be an electrode material with high conductivity due to the overlap around
the Fermi level. DFT was used to examine the combinations of GO-MnO2-CoNi for the
supercapacitor application [138]. As a result, the positive charges of CoNi and the negative
charges of GO and MnO2 electrostatically attracted to one another. Figure 10i illustrates the
study of the surface model of electrodes using electrostatic potential mapping. Accordingly,
compared to GO-MnO2 (0.02693 a.u.) and MnO2-CoNi-LDH (0.01842 a.u.), the energy
level difference between HOMO and LUMO of GO-MnO2-CoNi (0.01837 a.u.) was less,
indicating that the combined three electrodes had high conductivity. According to DFT
research, GO, MnO2, and CoNi-LDH are linked by electrostatic interactions, proving that
this heterostructure may be constructed and used in supercapacitors.

A supercapacitor was recently fabricated using highly oxidized GO, and the DFT
analysis was conducted to determine how this GO was formed from a graphite sheet [142].
Accordingly, a bilayer graphite sheet revealed that the surface of the material had negative
charges and that the C-C, C-H, and interlayer bond lengths were, respectively, 1.588, 1.105,
and 1.60 Å. Furthermore, there was a repulsion between negatively charged graphite
and negatively charged acids as well as KMnO4 due to the high electronegativities of
H2SO4, H3PO4, and KMnO4. On the other hand, graphite molecules could adsorb via an
O (H2SO4), OH (H3PO4), or O&K (KMnO4). The electronic energy of bilayer graphite is
around 7708.251 Hartree, but bilayer graphite takes on an additional −72.061 Hartree upon
adsorption with H2SO4, H3PO4, and KMnO4. Upon adsorption of H2SO4 with graphite, the
S–O bond lengths may increase from 1.567 to 1.628 Å, as confirmed by the HOMO pattern.
The energy required for the formation of GO with a single O atom is −7830.079 Hartree.
The presence of O and OH on the graphite leads to the formation of GO through the
disruption of interlayer bonds.

Similarly, for supercapacitor use, guanidine-functionalized GO (G-GO) was studied
through an amide process [143]. Also, the ease of designing electrodes (functionalization),
their electronic states, the distance between layers, and the quality were all confirmed using
the Quantum-ESPRESSO by DFT. At first, the carbon atoms of GO and dicyclohexylcar-
bodiimide react with each other, creating a double bond. Then, 4-dimethylaminopyridine
was used to get rid of the dicyclohexylurea molecule by attacking the carbonyl group.
Finally, it was predicted that guanidine would functionalize GO by attacking the carbonyl
and substituting 4-dimethylaminopyridine in the structure. Because functionalization
increases interlayer distance and prevents GO from restacking, it may be a useful strategy
for GO synthesis. It was found that the interlayer gap between guanidine and GO was
2.17 Å. It was found that the QC value rose along with the DOS value increasing at the
Fermi level and becoming positively charged electrodes as a result of electron loss after
guanidine functionalization. Consequently, G-GO’s QC value (3572 F g−1) was higher than
G‘s (2290 F g−1). Owing to the superior QC of G-GO electrode material, supercapacitor
applications may be possible.

Supercapacitor electrode design is still beset with difficulties, such as finding stable,
suitable architectures and persistent features. Therefore, efforts may be made to develop
better designs for high-performance electrodes with unique features with the use of DFT
modeling. In light of this, simulated studies based on DFT predictions were examined
alongside recent reports on GO-based electrode materials for supercapacitors. To compre-
hend electrode design and electronic structure, electrode interaction, adsorption energies,
charge density difference, interlayer distance, and quantum capacitance, the DFT sim-
ulation is very helpful. To identify innovative materials, DFT-assisted simulation may
be used. Finding viable candidates with the capacity to have high energy storage, high
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electrical conductivity, and high stability is made easier with the use of a simulation-based
computational analysis before the synthesis of electrode materials.

5. Conclusions and Future Perspectives

This review represents a recent study on synthesizing graphene oxide (GO) and
its composites with diverse materials to develop electrode materials for supercapacitor
applications. As a sign of recent progress in the field of GO material-based electrode
material for supercapacitor uses, the need for energy storage devices has been brought up
for discussion. The experimental conditions, processing time, and cost associated with the
synthesis of a variety of materials, including fluorine, metal oxides, metal sulfide, metal
chalcogenides, LDHs, organic material, MXene, biological material, and its composite with
GO, were evaluated. It was found that metal oxides, metal sulfides, metal chalcogenides,
and LDHs with GO composites are inexpensive and straightforward to produce. The
present review outlines the diverse composites of GO electrode materials and electrolytes
employed in electrochemical investigations for supercapacitors. To this degree, the scan
rates, charging–discharging rates, resistances, and cyclic stability of a three-electrode
setup are provided. To achieve Faradaic processes, GO composites containing additional
2D materials exhibit either pseudocapacitive or battery-like characteristics. The primary
determinant of electrochemical performance is the choice of electrode materials featuring
nanostructured surfaces; this should result in a reduction of the supercapacitor’s capital
expenditure. Based on the current analysis, it is evident that GO incorporating electrode
materials, including metal oxides, LDHs, MOFs, and MXene, results in exceptionally high
supercapacitor performance. Compared to undoped GO materials, GO functioning with
other substances exhibit high Cs. Thus, GO could be a viable material for improving the
conductivity, Cs, energy and power density, cycle performances, and conductivity of other
low-cost materials to enhance their electrochemical performance. Furthermore, it could
serve as a strategy for fabricating inexpensive and high-energy storage devices.

Supercapacitor devices based on GO composites with metal oxides, sulfides, carbides,
polymers, MOFs, MXene, biological materials, etc., should prioritize easy and cost-effective
preparation procedures in light of prospects. Furthermore, GO nanosheets encounter
extra difficulties, such as agglomerations and self-restacking, which hinder performance
by decreasing surface area, redox sites, and ion transport. Composites of GO and other
nanomaterials may improve the materials’ surface area and function as separators between
the GO sheets, mitigating these problems and making them ideal for use as supercapacitors.
Establishing pores through the introduction of organic or heteroatom dopants can serve as
a viable strategy to promote accelerated ion diffusion in GO and other composite materials,
thereby augmenting the overall activity. Also, more research should be done on the design
features, and new ways of making GO and its hybrid materials work more effectively
combined to improve total electrochemical performance. Concerning the electrochemical
performance of a variety of GO-based composite electrode materials, effective electrodes
for energy storage devices of the next generation should be developed.

To optimize the design of electrodes with particular capacitance, ion diffusion, and
stability, DFT might be utilized to precisely tailor the electrode materials at the nanoscale
level. It may be accomplished by investigating how supercapacitor performances are
impacted by size, structure, shape, and functionalization. DFT may assist researchers
studying energy storage in identifying effective electrode materials with high energy
storage capacities. With DFT modeling, novel electrolytes, surface functionalization, or
electrode hybrids may be investigated to enhance the electrochemical performance of
electrode materials.
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Abstract: The work presents novel composite catalytic materials—Ni and Co deposited on Magneli
phase titania—and describes their complex characterization and integration into membrane electrode
assemblies to produce hydrogen by electrochemical water splitting in cells with anion exchange
membranes (AEMEC). Chemical composition, surface structure, and morphology were characterized
by XRD and SEM analysis. The activity in the evolution of the partial electrode reactions of hydrogen
(HER) and oxygen (OER) was assessed in an aqueous alkaline electrolyte (25 wt.% KOH) using linear
sweep voltammetry. The interactive role of the support was investigated and discussed. Among the
tested samples, the sample with 30 wt.% Co (Co30/MPT) demonstrated superior performance in the
OER. The reaction started at 1.65 V, and at 1.8 V, the current density reached 75 mA cm−2. The HER
is most efficient on the sample containing 40 wt.% Ni (Ni40/MPT), where the current density reaches
95 mA at a potential of −0.5 V. The change in catalytic efficiency compared to that of the unsupported
Ni and Co is due to synergism resulting from electronic interactions between the transition metal
having a hyper-d-electron character and hypo-d-electron support. The pre-selected catalysts were
integrated in membrane electrode assembly (MEA) using commercial and laboratory-prepared anion-
conductive membranes and tested in a custom-made AEMEC. The performance was compared to
that of MEA with a commercial carbon-supported Pt catalyst. It was found that the MEA with newly
prepared catalysts demonstrated better performance in long-term operation (50 mA cm−2 at 1.8 V in
a 60 h durability test), which, combined with the higher cost efficiency, gave credence to considering
this combination of materials as promising for AEMEC applications.

Keywords: non-precious catalysts; oxide support; hydrogen generation; AEM water electrolysis

1. Introduction

Hydrogen has been considered the energy vector of the future for more than two decades.
Recently, it became clear that the large-scale production of green hydrogen is the key success
factor for the transformation to a zero-emission economy and that the electrolysis of water
powered by renewable energy sources is the only mature technology for this purpose. A
new trend in the development of this technology is electrolysers working with polymer
anion-exchange membranes (AEMs). The AEM provides high OH-conductivity, separates the
H2 and O2 gases produced on the cathode and anode of the cell, and enables both compact
system design and high operating pressure. The AEM electrolysis cells with a polymer
membrane are expected to combine the advantages of the classical alkaline electrolysers
working with aqueous electrolyte and the electrolysis cells using a proton exchange membrane
electrolysis cell (PEMEC)—namely, by using non-precious metal catalysts to achieve high
operating current densities and a dynamic response to the varying power supplied from
renewable sources.

In classical alkaline electrolysis, the electrodes are made from stainless steel or foam
nickel. In AEM technology, similarly to PEM water electrolysis, the efficiency of the process
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can be enhanced by the use of nanosized catalysts dispersed on catalyst carriers with
highly developed surfaces [1–4]. This type of catalyst shows higher activity than the non-
supported catalysts. The effect is attributed to the redistribution of the electronic density
on the active surface, which optimizes the adsorption strength of the intermediates and
facilitates the kinetics of the partial electrode reactions. As a result, the catalytic loading of
the electrodes can be reduced essentially to less than 0.5 mg cm−2 while at the same time
preserving the efficiency of the electrolysis [5–7].

The most commonly used catalysts in AEM water electrolysers for the hydrogen
evolution reaction (HER) and the oxygen evolution reaction (OER) are transition metals like
Ni and Co, as well as their alloys. One of the most favorable metal oxide materials for OER
in alkaline media is NiCo2O4. This material is known for its high electrical conductivity
and high number of catalytically active sites. It has a spinel structure and is widely studied
as a non-platinum catalyst due to its ability to exhibit a catalytic efficiency comparable to
that of platinum-based catalysts [8–10]. Another interesting alloy for these partial reactions
is NiFeCoP, which has been explored in our previous research. These materials were
electrodeposited and investigated in alkaline media, including in AEM water electrolysis
and zero-gap configuration with hybrid electrical connections [11,12].

The electrical efficiency and long-term durability of AEM electrolysers are highly
dependent on the type of catalytic carrier used. The most commonly used catalytic supports
are carbon materials, such as carbon blacks, nanotubes, fibers, etc., known for their excellent
electric conductivity and high surface area. The drawback of carbon materials is their
inclination to corrosion at the high anode potentials where the oxygen evolution takes
place, leading to gradual degradation of the electrodes and consequent failure in the MEA
performance. Therefore, in the last decade, intensive research has been carried out on
the application of non-carbon-supported catalysts. A variety of materials combining high
electrical conductivity and resistance to corrosion, such as metal oxides (SnO2, Ta2O5, TiO2,
Nb2O5, WOx, etc.), carbides, or nitrides, have been investigated, and some very promising
results have been reported [13,14]. The goal is to develop new generation advanced
corrosion-resistant catalysts with zero PGM content, capable of ensuring the superior cost
efficiency of the AEMEC and to justify this type of electrolysis as an economically attractive
technology for the industrial production of green hydrogen.

This goal is also addressed in this study through the synthesis of Co and Ni nanopar-
ticles deposited on Magneli phase titania (MPT), their complex characterization, and the
assessment of their applicability in AEMEC with a laboratory-prepared OH-conducting
polymer membrane electrolyte. The aim is to develop composite catalysts with improved
efficiency and stability by combining supporting materials with excellent electrical conduc-
tivity and high corrosion resistance and transition metals with proven catalytic activity and
chemical stability in alkaline media.

According to the literature, the structure of the Magneli phase titania Ti4O7 is a
combination of rutile and corundum and has a deficiency of oxygen (Figure 1). It consists
of four-unit rutile-like chains bounded by corundum-like planes [15].

Figure 1. Schematic structure of (a) rutile, (b) corundum and (c) MPT, which is a combination of both
(a) and (b). Ti atoms are the blue spheres enclosed by blue octahedra. The oxygen atoms are the red
spheres on the edges of the octahedra.
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2. Results

The structure and phase composition of the synthesized materials were examined by
X-ray diffraction (XRD). In Figure 2a are presented the results from XRD analysis of the
selected catalyst support (MPT). They show that MPT is a mixture of two well recognized
crystalline phases—Magneli phase titania Ti4O7 and hollandite K1.28Ti8O16 (1 < x < 1.2).
The peaks at 2θ 26.38, 20.78, and 31.76 correspond to the main Ti4O7 Magneli phase (ref.
code: 00-072-1722], while the presence of K1.28Ti8O16 is substantiated by the appearance of
peaks at 2θ 27.69, 36.11, and 40.35 [ref code: 01-084-2058]. The SEM images in Figure 2b
show homogeneously distributed MPT particles with a size in the range of 100–150 nm.

The composition, surface structure and morphology of Ni and Co catalysts supported
on MPT were also examined by means of scanning electron microscopy (SEM) and X-ray
diffraction (XRD). The SEM results showed that the metallic nanoparticles were homoge-
neously distributed on the support, forming cauliflower aggregates that are illustrated
by the microscopic images of selected samples presented in Figure 3. The increase in the
active metal of more than 40% wt. leads to agglomeration of the particles and formation of
clusters, which in turn, decreases the active surface area, and thus the catalyst efficiency.

  

(a) (b) 

Figure 2. Structural data of the MPT under study: (a) X-ray diffractograms, (b) SEM images.

 

θ, θ, 

Figure 3. SEM images of (a) Ni40/MPT and (b) Co30/MPT at different magnifications.

68



Inorganics 2024, 12, 153

XRD patterns of the synthesized nickel and cobalt catalysts are presented in Figure 4.
Figure 4a shows the peak with the greatest intensity at 44.38 2θ, as well as peaks at 51.67
and 76.1 corresponding to the (111), (200), and (220) planes of symmetry of Ni cubic
structure and space Fm-3m group (ref. code: 00-065-0380). The results in Figure 4b
demonstrate the presence of metallic cobalt in two crystallographic states—hexagonal (ref.
code: 00-001-1278), corresponding to the peak with greatest intensity at 47.39 (101), and
cubic (111), substantiated with the peak at 44.43 (ref. code: 00-001-1259). Both figures show
that the phases of MPT are detected in all samples under study.

 
(a) (b) 

θ, θ, 

Figure 4. X-ray diffractograms of the synthesized MPT-supported (a) Ni and (b) Co catalysts.

The size of the catalyst crystallites, t, is shown in Table 1. This is determined by
Scherer’s formula t = κλ/Bcosθ, where k is a shape factor (k = 0.9 for spherical crystals),
λ (Å) is the wavelength, θ is the diffraction angle of the peak, and B (rad) is the line
broadening at the full width at half maximum (FWHM) values of the peaks [16].

Table 1. Crystallite size of Ni/MPT (a) and Co/MPT (b) catalysts.

(a)
Sample

Crystallite Size (nm)

2θ = 44.38
(111) h

2θ = 51.67
(200) h

40% Ni 26 19

30% Ni 29 24

20% Ni 27 24

(b)
Sample

Crystallite Size (nm)

2θ = 41.58
(100) h

2θ = 41.78
(100) c

2θ = 44.60
(002) h

2θ = 44.37
(111) c

2θ = 47.30 2θ = 62.71
(102) h

2θ = 75.37

(101) h (101) c (110) h (220) c

20% Co 39 28 22 20 17

30% Co 41 34 23 50 21

40% Co 30 20 15 48 17

The efficiency of the prepared catalysts toward both partial reactions of water elec-
trolysis was evaluated in an aqueous solution of 25 wt.% KOH at room temperature. The
influence of the metal content on the catalytic efficiency was investigated using linear
sweep voltammetry. It was previously found that Ni/MPT more significantly catalyzes
the HER, while Co/MPT is much more efficient in the OER, showing remarkable stability
at high anodic potentials [17]. Figure 5 presents the cathodic and anodic polarization
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curves obtained on electrodes with Ni/MPT and Co/MPT, respectively at different metal:
support ratios.

 
(a) (b) 

Figure 5. Polarization curves on Ni/MPT (a) and Co/MPT (b) with varying metal content recorded
in 25% KOH at room temperature; potential scan rate: 1 mV s−1.

The obtained results show that the cathodic partial reaction is most intensive on the
catalyst with 40 wt.% metal (Ni40/MPT), while the rate of the oxygen evolution on the
anode is very similar for Co30/MPT and Co40/MPT and proceeds with higher overvoltage
on Co20/MPT. The registered different trend of the catalytic efficiency with the changing
metal: support ratio for both metals could be explained with the more homogeneously
dispersed Ni compared to Co particles. The cobalt particles at metal content above 30% wt.
form bigger clusters, thus decreasing the active surface area available for the electrochemical
reaction [18].

The role of the catalytic support is illustrated in Figure 6, where the intensity of the
partial electrode reaction on the best performing samples and on non-supported metal
nanoparticles is compared. It is seen that HER on the cathode with unsupported Ni
nanoparticles proceeds with lower rate compared to Ni dispersed on MPT. The opposite
effect is observed for the anode catalysts where the pure Co nanoparticles demonstrate
distinct superior OER performance.

 
(a) (b) 

Figure 6. Polarization curves demonstrating the interactive role of Magneli phase titania as interactive
catalytic support; (a) HER on Ni40/MPT and on non-supported Ni, (b) OER on Co30/MPT and on
non-supported Co; potential scan rate: 1 mV s−1.
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It is well known that the general efficiency of electrocatalysts is determined by
two major groups of factors: electronic factors affecting the surface–intermediate bonds
strength and geometric factors related to the real active surface area of the catalyst [19,20].
The catalysts under study have similar surface area—they were deposited on the same
substrate and XRD data showed similarity in their crystallites size. Therefore, the results
obtained cannot be explained with the influence of geometry factors. On the other hand,
since the partial electrode reactions are heterogeneous catalytic reactions, their rate depends
on the strength of intermediate species–electrode surface chemisorptive bonds, which in
turn, is influenced by the electronic density of states in the catalyst atoms. According to the
Brewer theory [21], the increase in the electronic density of states increases the availability
of metal valence electrons for the formation of chemisorptive bonds, and the result is the
weakening of the metal-electron donor bonds such as M-H and strengthening of metal-
electron acceptor bonds such as M-O. The decrease in the electronic density of states has an
opposite effect. The optimal electrocatalytic activity is achieved at a neither too strong nor
too weak level of adsorption bonding, but at a moderate level.

In the case under study, both Ni and Co are hyper-d-metals with electronic configura-
tions [Ar]3d84s2 and [Ar]3d74s2, respectively, and their interatomic interactions with the
hypo-d-electron Ti from the support with [Ar]3d34s2 structure should lead to decrease in
the electronic density of states. As a result, the strength of the Ni-H bond should decrease,
having a positive effect on the efficiency of HER. In contrast, Co-OH and Co-O bonds
strength should increase, thus increasing OER overpotential. Based on these considerations
and the results from the polarization tests (Figures 5 and 6), it could be suggested with great
probability that the registered increase in the efficiency of the composite Ni/MPT catalysts
and decrease in Co/MPT performance compared to the pure metals are due to electronic
interactions between the hyper-d-electron metals and the hypo-d-electron support. To
reveal the exact mechanism of the registered synergetic effects, further focused research is
needed that would be outside the scope of this study.

Based on the performed preliminary electrochemical screening of the synthesized
catalysts in aqueous alkaline electrolytes, Ni40/MPT and Co30/MPT samples were chosen
for further testing in the electrolysis cell with an anion exchange membrane. The fact
that AEMECs can run efficiently with non-noble catalysts is one of their most important
benefits. Another major advantage is the much lower cost of OH-conductive membranes
compared to the proton exchange membranes. On the other hand, the poor thermal
and chemical stability of the available commercial anion-exchange membranes as well
as their relatively low ionic conductivity are still unsolved issues. The commercially
available OH-conductive membranes are mainly based on aromatic and aliphatic resins in
ionomeric quaternized ammonia. At elevated temperatures (above 50 ◦C) and in alkaline
environments, these resins are very prone to chemical degradation, leading to a rapid
deterioration in performance for all MEA [22,23]. This problem can be solved by using
anion-conductive membranes based on the chemically stable polybenzimidazoles (PBIs).
The preparation and properties of membranes based on para-polybenzimidazole (p-PBI)
doped with 50% aqueous KOH have previously been reported [24–27].

For the purpose of current research, five MEAs with different types of AEM and
different catalysts integrated into the cathode and anode were prepared and investigated.
Their composition is given in Table 2.

Table 2. Composition of the membrane electrode assemblies under study.

MEA Cathode Membrane Anode

MEA1 Pt Fumapem Pt

MEA2 Pt PBI Pt

MEA3 Ni/MPT PBI Pt

MEA4 Pt PBI Co/MPT

MEA5 Ni/MPT PBI Co/MPT
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In Figure 7c, the cyclic voltamograms of MEA1 and MEA2 are compared with Fumapem
and PBI-based membranes, respectively which contain commercial carbon-supported plat-
inum catalyst in both electrodes.

 
(a) (b) 

(c) 

Figure 7. Influence of membrane type on electrochemical behavior of MEAs with commer-
cial electrodes (0.5 mgPt cm−2) and different electrolyte membranes: (a) Fumapem—MEA1;
(b) PBI-based—MEA2; (c) both; potential scan rate: 100 mV s−1.

The surface reactions inherent to Pt can be distinguished on both curves in the relevant
hydrogen and oxygen CV branches: adsorption and desorption of hydrogen, coverage
of the electrode by oxygen-containing intermediates followed by oxygen evolution and
reduction at the reverse potential scan. However, the potential values at which these
reactions occur and the measured currents fundamentally differ. The potential window of
electrochemical water splitting on MEA1 is above 2.0 V (Figure 7a). The partial reaction
of oxygen evolution starts at 1.45 V, while the start-off potential of hydrogen evolution
on the cathode is rather high, about −0.55 V. Since the catalytic properties of Pt with
respect to these reactions are well known, it can be assumed that the overly wide potential
window and high HER overvoltage are due to the low ionic conductivity of the polymer
electrolyte. The MEA2 containing the laboratory-prepared PBI membrane shows much
better performance (Figure 7b) than MEA1. The characteristic current peaks are clearly
illustrated, and the measured currents are considerably higher. The cathode reaction of
hydrogen evolution begins at a potential of −0.25 V and its intensity increases rapidly
reaching almost 200 mA cm−2 at −0.4 V. The oxygen evolution reaction starts at a potential
of 1.4 V, and at 1.5 V, the current density reaches value of 180 mA cm−2. The potential
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window in which electrochemical water splitting occurs is 1.7 V, i.e., about 300 mV narrower
than that of MEA1. For a better visualization of the observed differences, the CVs of both
MEAs are compared in Figure 7c.

Similar conclusions can be made when comparing the polarization characteristics
of MEA1 and MEA2 presented in Figure 8a,b. Clearly, ohmic losses are significantly
lower for the laboratory-prepared membrane than for the commercial Fumasep FA. The
oxygen evolution reaction on MEA2 starts at a potential of 1.4 V, which is approximately
200 mV lower overvoltage compared to the same electrode integrated in MEA1 with a
commercial membrane. The obtained results clearly show that the laboratory-prepared
anion-conducting PBI membrane is much more appropriate as an electrolyte in AEMWE.
Therefore, this membrane is further used to assemble MEAs with the synthesized composite
MPT-supported catalysts.

 
(a) (b) 

Figure 8. Influence of the type of membrane on the intensity of: (a) OER and (b) HER.

The performance of the pre-selected catalysts in AEMWE cell was investigated by LSV
and chronoamperometry. Figure 9a,b show the cathodic and anodic polarization curves of
MEA3 (0.5 mg cm−2 Ni40/MPT at the cathode) and MEA4 (0.5 mg cm−2 Co30/MPT at
the anode), respectively. In both figures, the results obtained for MEA2 (0.4 mg cm−2 Pt/C
on both electrodes) are also presented for comparison. The curves were recorded under
identical conditions with a potential scan rate of 1 mV s−1.

 
(a) (b) 

Figure 9. Polarization curves of MEAs with synthesized MPT-supported catalysts (0.5 mgMe cm−2)
and with Pt/C catalyst (0.4 mgPt cm−2) in AEMEC; (a) HER; (b) OER; potential scan rate 1 mV s−1.

73



Inorganics 2024, 12, 153

The hydrogen evolution reaction on the nickel-based catalyst reaches a current density
of 50 mA cm−2 at a potential of −0.3 V, while for Pt, this value is −0.7 V. The obtained
results confirm the superior performance of the synthesized composite Ni/MPT compared
to Pt/C. Taking into consideration that the rate-determining partial electrode reaction
in alkaline water electrolysis is the hydrogen evolution of the cathode, Ni/MPT can be
considered as a very promising HER catalyst for water splitting in AEMEC.

The oxygen evolution reaction on Pt/C catalyst starts at a potential of 1.4 V, while
on the Co30/MPT—about 50 mV earlier. The current densities observed at a potential of
1.6 V are 55 mA cm−2 and 80 mA cm−2, respectively. At higher potentials, the current
density of MEA2 reaches a limiting value, indicating a change in the OER mechanism due
to transport limitations or other factors impeding the reaction. In contrast, the polarization
curve on the Co/MPT composite catalyst preserves the linear trend, reaching 140 mA cm−2

at potential of 1.7 V. The reason for the observed discrepancy in the performance of both
MEA can be explained by their different compositions. The commercial Pt catalysts in
MEA2 are supported on carbon black XC72, which at high potentials of the OER, is not
electrochemically stable and is prone to oxidation. This leads to the loss of active catalyst
surfaces and a decrease in efficiency. Other factors such as transport limitations might be
also involved. In contrast, MPT support is very stable under these experimental conditions,
which explains why no signs of degradation or loss of OER intensity are observed on the
MEA4 polarization curve.

In the final part of this study, an MEA5, with newly developed catalysts integrated in
both electrodes (Ni40/MPT on the cathode and Co30/MPT on the anode), was fabricated
and its performance at a cell voltage of 2.0 V was followed in a long-term chronoamper-
ometric test. The obtained results are presented in Figure 10. For comparison, the curve
recorded on MEA2 under identical conditions is also shown. It is seen that both MEAs
demonstrate stable electrochemical behavior for the whole test duration. After some initial
oscillations, the current density stabilized and almost did not change until the end of the
240 h experiment. The measured current density on the membrane electrode assembly with
the commercial Pt electrodes (MEA2) was comparatively high at the beginning of the test
(130–140 mA cm−2). However, the intensity of the electrolysis rapidly decreased with time,
reaching a constant current density of 22–25 mA cm−2.

Figure 10. Chronoamperometric curves of MEA2 and MEA5 in AEMEC; cell voltage: 2.0 V.

The drop in the rate of the process on MEA5 was not as sharp, since it started at a
current density of about 50 mA cm−2 lower and reached stability at values in the range of
38–40 mA cm−2, which is about 1.5 times higher than on MEA2. These results once again
confirm the stable performance of the novel composite MPT-supported Ni and Co catalysts
and justify current research that is focusing on membrane thermal stability, the increase in
operating temperature, scaling up of the MEA, and design of a short electrolysis stack.
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3. Materials and Methods

The Magneli phase titania (MPT) chosen as catalytic support has excellent electrical
conductivity approaching that of a metal combined with high corrosion resistance both
in acid and in alkaline media [28–30]. In addition, its chemical composition and hypo-d-
electron character enable interaction with hyper-d-electron elements form the transition
series (Ni, Co, Fe, Mn, etc.), which facilitates the formation of intermediate species on the
electrode surface and speeds up the kinetics of the electrode reactions. This synergetic
effect is known as strong metal–support interaction (SMSI effect) and is well documented
in the literature [31–34].

In this study, composite catalysts were deposited using a sol–gel process as nanopar-
ticles using acetylacetonate precursors (M((C5H7O2)n)m, (M = Ni, Co) (Alpha Acer) on
Magneli Phases Titanium Oxide with the general formula TinO2n−1, (commercially avail-
able from Ti-dynamics Co., Ltd., Changsha, China, designated MPT). According to the
manufacturer’s technical specification, MPT has an area of 7–8 m2 g−1, very good electri-
cal conductivity and corrosion resistance in both acidic and alkaline environments. The
content of the metal part (Co or Ni) varied in the range of 0–40 wt.%. The test samples
were denoted MX/MPT where M is Co or Ni and X is the metal content in wt.%. In the
first step of the synthesis, the carrier, precursor, and a defined amount of isopropanol
were mixed using a magnetic stirrer and then treated in an ultrasonic bath by heating
at 60 ◦C to obtain a fine gel. In the second step, the mixture was heated to 240 ◦C at a
rate of 2 ◦C min−1 in a reducing atmosphere, and then the temperature was maintained
for 2 h, followed by gradual cooling to room temperature. The obtained powder was
homogenized in a mortar and stored in a dry oxygen-free atmosphere. Unsupported
nanoparticles were also synthesized and investigated to evaluate and better understand
the expected metal–support interactions. The structural and phase composition of the
prepared materials were examined using X-ray diffraction (XRD). Diffraction data were
collected using X-ray diffractometer Philips ADP15 with Cu-Kα radiation λ = 1.54178 Å)
at a constant rate of 0.02◦ s−1 over an angle range from 4◦ to 80◦ 2θ. The metal content in
the composite catalysts was determined using energy dispersing X-ray analysis while the
morphology and surface structure were investigated by scanning electron microscopy. The
SEM analysis were carried out using JEOL JSM 6390 electron microscope (JEOL, Tokyo,
Japan) (images in secondary and back-scattered electrons), equipped with INCA Oxford
elemental detector ( Oxford Instruments, London, UK).

The electrochemical performance of the MPT-supported catalysts was investigated
firstly in aqueous alkaline solutions (25 wt.% KOH). To prepare the test electrodes, a cat-
alytic ink was obtained by mixing the powder catalyst with isopropanol, which was then
spread on the surface of a commercial gas-diffusion layer (Freudenberg FCCTKG H2315).
The screening of the synthesized catalysts was performed in a standard electrochemical cell
against a Pt wire as a counter electrode and Ag/AgCl reference electrode by means of linear
sweep voltammetry (LSV). The best performing samples were integrated in membrane
electrode assemblies using two types of anion exchange membranes—Fumasep FAA-3
with a thickness of 50 μm (commercial product of Fumapem) and a custom-made mem-
brane, based on polybenzimidazole (PBI) doped with KOH under controlled laboratory
conditions.

The characteristics of the MEA strongly depend on variety of factors, including the
properties of the catalysts, the electrical conductivity and corrosion resistance of the catalytic
support, OH conductivity, and the mechanical properties of the polymer electrolyte. In
addition, the architecture of the MEA influences gas permeability and hydrophilicity,
thus having a serious impact on the transport of reagents to and from the reaction zone
where energy conversion takes place, which is another key factor for the efficiency of
electrolysis [35,36]. The method and conditions for MEA preparation are also important.

The membrane electrode assemblies investigated in this study had a working area
of 0.5 cm−2. Both electrodes were prepared following the already described procedure
for the electrodes tested in the aqueous electrolyte. The polymer electrolyte membrane
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was activated to provide a high OH conductivity, as the exact procedure depended on
the type of the membrane used. The commercial Fumasep membrane was activated
according to the technical specifications of the manufacturer. It includes immersion for
24 h in 1 M KOH and subsequent rinsing with distilled water. The laboratory PBI-based
membrane was provided in an activated form and had a proven high conductivity, which,
depending on the temperature and the content of doped KOH (%), was in the range
from 298 S cm−1 to 1140 S cm−1 [37–39]. The MEA assembling requires binding material to
attach the electrodes on both sides of the membrane. For this purpose, an OH-conducting
fine gel was prepared by chemical dissolution of a piece of the membrane, which was
spread over the catalytic layer of the gas diffusion electrodes and then dried at room
temperature for 30 min. The final step was the mechanical clamping of MEA between the
current collectors of the test cell, applying an experimentally determined optimal pressure
of 8 N m−1.

For the purpose of the research undertaken, five MEAs with different types of mem-
brane and different catalysts integrated into the cathode and anode were assembled. Their
performance under electrochemical water splitting conditions was investigated in a custom-
made test cell shown in Figure 11. The cell has four hermetically sealed chambers—two for
both working electrodes and two for the respective reference electrodes.

 

Figure 11. Pictures of the custom-made test cell.

The cell design allows simultaneous measurement of the anode and cathode polariza-
tion as well as monitoring the cell voltage. The current collectors of the cell are made from
stainless steel and have flow-field channels to deliver the reagent water and to take off the
reaction products (H2 and O2). All experiments reported in this study were carried out
at room temperature using Gamry Instruments 1010E (Gamry Instruments, Warminster,
PA, USA).

4. Conclusions

The newly synthesized composite non-noble metal catalysts supported in Magneli
phase titania demonstrate good efficiency toward electrochemical water splitting in alkaline
aqueous media combined with a high chemical stability. The combination of hyper-d-
electron transition metals and hypo-d-electron MPT causes the SMSI effect, thus influenc-
ing the catalytic performance. The MEAs with the integrated Ni40/MPT cathode, and
Co30/MPT anode show better performance than MEAs with Pt/C electrodes under identi-
cal experimental conditions. The previously proven high OH conductivity of the doped
p-PBI membrane is confirmed when it is integrated in MEA and tested during long-term
AEMEC operation. Further research is required to optimize catalyst loading as well as
investigate the performance of the studied advanced materials at elevated temperatures
and accelerated durability tests.
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Abstract: Metal foams are promising materials for the flow fields of proton exchange membrane fuel
cells (PEMFCs) because of excellent mass transport characteristics and high electronic conductivity.
To resolve the corrosion problem in the acidic environment under high temperature, nickel/graphene
(Ni/G) composite coatings with hierarchical structures were electrodeposited on the surface of Ni
foam. The effect of grain size and the distribution in the double layer was discussed. It was found
that Ni/G5-10, with larger inner size and middle outer size, exhibited the best corrosion performance.
Meanwhile, the corrosion current in the Tafel plots and the steady current density in constant potential
analysis was lower than that obtained under steady and gradient currents. Combined with the results
of XRD, XPS, and SEM, it was proven that a uniform and dense protective film was produced
during the two-step electrodeposition. Moreover, the ICR value was 8.820 mΩ·cm2, which met the
requirement of 2025 DOE.

Keywords: PEMFC; metal foam; flow field; electrodeposition; corrosion resistance; nickel/graphene
composite

1. Introduction

With the increasing global demand for renewable energy and low-carbon technolo-
gies [1,2], fuel cells, as an efficient and environmentally friendly energy conversion tech-
nology, are receiving increasing attention. Fuel cells directly convert chemical energy
into electrical energy during operation, with water as the only byproduct [3]. Among
various types of fuel cells, proton exchange membrane fuel cells (PEMFCs) are favored
for their high energy conversion efficiency, rapid start-up response, and low-temperature
operation [4,5].

Among the main components of PEMFCs, the bipolar plate (BP) accounts for approx-
imately 80% of the total mass and 45% of the cost, serving essential functions in mass
transport, water management, and as a mechanical support in the stack [6,7]. Currently, the
materials commonly used for bipolar plates (BPs) include graphite, composite materials,
and metals. Graphite, as the first material developed for BPs, possesses good electrical
conductivity and corrosion resistance; however, it suffers from low mechanical strength
and processing difficulties [8,9]. Composite materials combine lightweight properties with
excellent conductivity, making them suitable for high-performance applications [10–12].
Nonetheless, existing composite BPs face challenges such as high interfacial contact resis-
tance and elevated costs. In contrast, metallic BPs offer advantages such as good mechanical
properties, electrical conductivity, thermal conductivity, and ease of processing, making
them a primary choice for BPs [9]. However, under the high-temperature and acidic
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operating conditions of PEMFCs, metallic materials are prone to corrosion, releasing corro-
sive metal ions that adversely affect fuel cell performance. Therefore, the introduction of
protective coatings to enhance corrosion resistance is crucial [13,14].

Noble metal coatings exhibit excellent corrosion resistance and electrical conductivity;
however, their high cost limits widespread application [15]. Consequently, non-noble
metal coating materials such as tin (Sn) [16] and nickel (Ni) [17] are receiving increasing
attention. For instance, Kim et al. [18] prepared a pure niobium (Nb) coating on a 316 L
stainless steel substrate using pulsed direct current magnetron sputtering. Their study
revealed that the Nb coating significantly improved the corrosion behavior of the substrate,
increasing polarization resistance and reducing corrosion rate by more than 100 times and
50 times, respectively. Kumaravel et al. [19] applied nickel coatings on weathering steel
via electroplating, finding that the Ni-coated samples exhibited the lowest corrosion rate
when compared to copper and zinc coatings. Wang et al. [20] developed a Ni/Sn composite
coating on nickel foam through electrodeposition, which showed no significant pitting
after 8 h of corrosion testing compared to the uncoated samples.

Additionally, an increasing number of non-metal coatings are being used in corrosion-
resistant coatings [19]. Among these, graphene is gaining traction as a protective coating due
to its unique chemical inertness and impermeability [21]. Lee et al. [22] prepared tin, gold, and
nanoscale graphene coatings on porous nickel foam, and through Tafel analysis at 80 ◦C, they
found that the graphene-coated nickel foam exhibited the lowest corrosion current density
(0.65 μA/cm2) and a corrosion potential of −0.22 V. Compared to the other two materials,
the performance of the graphene coating is superior. Graphene coatings were prepared
on titanium-based bipolar plates, which demonstrated significantly enhanced corrosion
resistance and stability in PEMFC environments [23,24]. Feng et al. [25] utilized chemical vapor
deposition to create vertically aligned graphene coatings on titanium substrates, achieving
a corrosion rate reduction in one to two orders of magnitude and a decrease in interfacial
contact resistance (ICR) by approximately 100 times compared to uncoated samples.

Graphene–metal composite coatings not only addressed the limitations of single-
layer coatings but also reduced costs and improved mechanical stability [26,27]. Rekha
et al. [28] electrodeposited Cr–graphene composite coatings on low-carbon steel substrates
and conducted corrosion studies using a 3.5% NaCl solution as the electrolytic medium.
Their findings revealed an 80.4% reduction in corrosion current and a 72.8% decrease
in ICR, significantly enhancing both corrosion resistance and conductivity compared to
pure chromium coatings. Punith Kumar et al. [29] prepared Zn–graphene composite
coatings through electrodeposition and conducted experiments in a 3.5% NaCl solution.
The results indicated that the Zn–graphene coatings exhibited smaller grain sizes and
fewer surface defects, leading to enhanced corrosion resistance. Abdul et al. [30] also
developed Ni–graphene composite coatings through electrodeposition, investigating the
effects of different deposition temperatures on coating performance, with optimal corrosion
resistance achieved at 45 ◦C in a 3.5% NaCl solution. Sun et al. [31] prepared a Ni–graphene
composite coating by direct current electrodeposition. Under the test condition of pH = 3,
the coating showed good corrosion resistance and stability. Electrodeposition is widely
used as a low-cost and easy-to-control coating method. In the process of electrodeposition,
the larger the current, the smaller the particles.

Metal foam is used as the flow field to replace traditional BP plates with ribs and
channels because of lightweight advantages and high mass transfer efficiency. However,
it suffers more severe corrosion issues in the operating environment on account of high
temperatures and the presence of acids. Meanwhile, due to the complex internal structure
and high surface roughness, the electrodeposition mechanism is different from that on the
flat plate. In this work, nickel/graphene (Ni/G) composite coatings with a hierarchical
structure are employed by the electrodeposition method. While a larger grain size is ob-
tained under a lower electrodeposition current, the coatings with various size distributions
are compared. Their physical properties are analyzed along with their impact on corrosion
resistance, ultimately identifying the coating with optimal performance.
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2. Results and Discussions

2.1. XRD Analysis

The XRD spectrum of the Ni/G composite coating is shown in Figure 1. The spectrum
exhibited three main diffraction peaks at 2θ values of 44.4◦, 51.8◦, and 76.3◦, corresponding
to the Ni (111), (200), and (220) planes, respectively, which closely matched the reference
pattern for the face-centered cubic nickel. Each coating displayed a strong Ni (111) peak,
indicating that during the deposition process, nickel tended to grow preferentially in the
(111) orientation [32].

Figure 1. XRD patterns of composite coatings.

Using the Scherrer equation, we calculated the average crystallite sizes for Ni/G5-
10, Ni/G5-15, Ni/G10-15, and Ni/G10-5 based on the Ni (111) peak, yielding values of
31.3 nm, 29.2 nm, 28.7 nm, and 31.3 nm, respectively, which was larger than that of Ni/G10
and Ni/G0-10 in our previous work [32]. As Ni/G5-10 had the same size as Ni/G10-5, we
concluded that the grain size was not only related to the upper layer, but the average size
of the two layers.

2.2. XPS Analysis

As to Ni/G5-10, the XPS spectrum of Ni 2p, C 1s, and O 1s is shown in Figure 2a. To
accurately identify the chemical phases presented in the samples, peak fitting analysis was
performed on the Ni 2p spectrum. As shown in Figure 2b, the main peaks of Ni 2p3/2
were located at approximately 856 eV, 857.5 eV, and 862.5 eV, which corresponded to the
nickel compounds such as Ni(OH)2, NiSO4, and NiCl2, indicating that nickel existed in a
divalent state [33–35]. Additionally, a Ni(0) peak appeared around 852 eV, confirming the
presence of metallic nickel in the coating [36]. The OH−1, SO4

−2, and Cl−1 ions might be
derived from the plating solution used during coating preparation.

2.3. Tafel Analysis

The Tafel curves for the Ni/G composite coatings in pH 3 sulfuric acid are shown in
Figure 3, with testing temperatures of 50 ◦C and 80 ◦C, respectively. The data for corrosion
potential (Ecorr), corrosion current (Icorr), and corrosion rate (Vcorr) obtained from the Tafel
analysis are presented in Table 1. Ecorr is defined as the intersection of the anodic and
cathodic polarization curves, indicating the self-corrosion potential of the coating. Icorr is
a kinetic parameter obtained through extrapolation [37]. According to the corrosion rate
equation, the corrosion rate coefficient is derived from the corrosion current.
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Figure 2. XPS of Ni/G5-10 (a) and Ni 2p (b) fitting spectrum.

Figure 3. Tafel curves for Ni/G composite coatings tested at 50 ◦C (a) and 80 ◦C (b).

Table 1. Tafel polarization parameters for Ni/G composite coatings at 50 ◦C and 80 ◦C.

Icorr (μA·cm−2) Ecorr (V) Vcorr (×10−2 mm·y−1)

50 ◦C 80 ◦C 50 ◦C 80 ◦C 50 ◦C 80 ◦C

Ni/G5-10 26.14 43.80 −0.159 −0.278 0.283 0.473
Ni/G5-15 52.51 62.25 −0.348 −0.355 0.568 0.673
Ni/G10-15 66.27 71.70 −0.289 −0.366 0.716 0.775
Ni/G10-5 73.54 81.14 −0.312 −0.368 0.795 0.877

As shown in Table 1, with increasing temperature, all samples exhibited an increase in
Icorr, a more negative shift in Ecorr, and an increased Vcorr, indicating that higher tempera-
tures correlated with more severe corrosion and accelerated corrosion rates. At 50 ◦C, the
gradient coatings Ni/G5-10, Ni/G5-15, and Ni/G10-15 outperformed Ni/G10-5. Ni/G5-10
exhibited the lowest Icorr and the most positive Ecorr, with the values of 26.14 μA·cm−2 and
−0.159 V, respectively. Compared to the values of Ni/G10-5, its Icorr decreased by 64.45%
and Ecorr improved by 24.46%. The same trend was observed at 80 ◦C.

2.4. Constant Potential Analysis

The stability of Ni/G coatings was tested at a constant potential of 0.6 V and 50 ◦C,
with the current versus time changed shown in Figure 4. All samples quickly reached
a stable current state within the first few minutes, exhibiting no significant fluctuations
over 120 min and thus indicating a rapid self-repair process of the materials [38]. The
current densities of Ni/G5-10, Ni/G5-15, Ni/G10-15, and Ni/G10-5 are 0.12, 0.38, 0.42, and
0.58 mA·cm−2, respectively. Among them, Ni/G5-10 has a positive stable point voltage,
indicating that the corrosion resistance is better, which has the same rule as Tafel analysis.
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Figure 4. Constant potential curve for Ni/G composite coatings.

2.5. EIS Analysis

Figure 5 presents the results of all samples tested in a 0.5 M H2SO4 solution with 2 ppm
HF at 50 ◦C. As shown in Figure 5a, the Nyquist plots for all coatings exhibit a semi-circular
arc, indicating a similar corrosion mechanism across the samples. Among them, Ni/G5-10
displays the largest impedance semicircle radius. The Randles circuit was chosen as the
equivalent circuit, as illustrated in Figure 5b, which consists of solution resistance (Rs),
coating resistance (Rcoat), and a constant phase element (Ccoat). The fitted values are summa-
rized in Table 2. Compared to the uncoated foam nickel (Rcoat = 5.27 Ω·cm2) [21], the Ni/G
composite coatings exhibit significantly higher Rcoat values, indicating better corrosion
resistance. Notably, the gradient coating Ni/G5-10 has the highest Rcoat, demonstrating the
strongest corrosion resistance among the samples.

Figure 5. EIS analysis results for Ni/G composite coatings: (a) Nyquist impedance plots; (b) equiva-
lent circuit; (c,d) Bode impedance plots.
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Table 2. EIS fitting results for Ni/G composite coatings.

Samples Rs (Ω·cm2)
Ccoat

Rcoat (Ω·cm2)
Ccoat-T Ccoat-P

5–10 4.28 2.21 × 10−3 0.87 19.79

5–15 3.72 1.06 × 10−3 0.85 16.09

10–15 3.02 2.8 × 10−3 0.88 12.26

10–5 8.35 1.05 × 10−3 0.91 9.78

In Figure 5c,d, all Bode plots display high-frequency (102–104 Hz), mid-frequency
(101–102 Hz), and low-frequency (10−1–101 Hz) regions, which correspond to the corrosion
processes at the coating surface, within the coating system, and at the metal/coating
interface, respectively. In Figure 5c, Ni/G5-10 shows the highest log(Z) values across the
entire frequency range, indicating the best corrosion resistance of the coating. In Figure 5d,
the phase angles for Ni/G5-10, Ni/G5-15, and Ni/G10-15 are all greater than that of
Ni/G10-5, which correlates with improved corrosion resistance.

2.6. SEM Analysis

The stability of the Ni/G composite coatings was studied by testing for 8 h at a
constant potential of 0.6 V. The SEM images before and after the test are shown in Figure 6.
As depicted in Figure 6a–d, the surface of the composite coatings is smooth and uniform,
with no significant aggregation observed. In our previous work, the gain sizes of the
coatings that were electrodeposited at 5, 10, and 15 mA·cm−2, were found to be 37.0 nm,
33.2 nm, and 24.9 nm, respectively. In the schematic diagrams, colored particles were
used to represent the grains in the hierarchical coatings. The graphene layer covered the
surface of nickel ions, hindering further growth during the electrodeposition process while
providing more nucleation sites for the reduction of nickel ions, resulting in smaller and
more uniform composite coatings [39,40]. After the corrosion test, more sheet graphene
was exposed, as shown in Figure 6a–d.

Figure 6. SEM images of Ni/G composite coatings and schematic diagrams with colored particles for
hierarchical coatings before (a–d) and after (e–h) the 8h corrosion (purple, red, and green represents
grains electrodeposited at 5, 10, and 15 mA·cm−2, respectively).
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2.7. EDS Analysis

The atomic composition of the main elements in the Ni/G5-10 composite coating
before and after corrosion was analyzed using energy dispersive spectroscopy (EDS). As
shown in Figure 7a, the presence of carbon confirmed the incorporation of graphene
into the coating, which at the same time aided the reduction of nickel ions during the
electrodeposition process, leading to the formation of metallic nickel [41]. Higher oxygen
content might be attributed to the oxidation reaction, especially that of the nano-particles,
occurring at the coating surface.

Figure 7. EDS of Ni/G5-10 before (a) and after (b) 8 h corrosion.

As shown in Figure 7b, after 8 h of corrosion, the carbon content in the coating
increased significantly from 20.04% to 71.99%, while the nickel content decreased from
56.84% to 21.57%. During the corrosion process, metallic nickel gradually dissolved and
converted to Ni2+ ions, which then entered into the solution. In contrast, graphene, with
superior corrosion resistance and stability, played a protective role on the surface.

2.8. ICR Analysis

In addition to corrosion resistance, the interfacial contact resistance (ICR) is also a
critical parameter for bipolar plates. A high ICR leads to additional resistance to current
flow within the cell, resulting in reduced efficiency and negatively impacting the fuel cell’s
output power. In Figure 8a, the values of all the samples decreased with the pressure.
Ni/G5-10 exhibited the lowest ICR value, which might be attributed to the formation of a
uniform and dense coating. In Figure 8b, the value at a pressure of 150 N·cm−2 (the typical
assembly pressure for PEMFCs) of Ni/G5-10 was 7.16 mΩ·cm2, which met the 2025 DOE
standard requirement (<10 mΩ·cm2) [17].

Figure 8. ICR of Ni/G composite coatings under various compaction force (a) and the values under
150 N·cm−2 (b).
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3. Experimental

3.1. Electrodeposition

The foam nickel used in the experiment was obtained from Kunshan Green Creation
Electronics Technology Co., Ltd. (Kunshan, China), with a thickness of 1 mm and a
pore diameter around 600 μm. Prior to electrodeposition, the foam nickel underwent
pretreatment and activation [42]. The Ni/G composite coating bath consisted of 12.9 g·L−1

(SO3NH2)2·4H2O (Shanghai Macklin Biochemical Technology Co., Ltd., Shanghai, China),
9.51 g·L−1 NiCl2·6H2O (Shanghai Macklin Biochemical Technology Co., Ltd., Shanghai,
China), 40 g·L−1 H3BO3 (Shanghai Macklin Biochemical Technology Co., Ltd., Shanghai,
China), 0.05 g·L−1 C12H25SO4Na (Shanghai Macklin Biochemical Technology Co., Ltd.,
Shanghai, China), 10 g·L−1 C6H5Na3O7 (Shanghai Macklin Biochemical Technology Co.,
Ltd., Shanghai, China), 0.048 g·L−1 graphene (Shanghai Macklin Biochemical Technology
Co., Ltd., Shanghai, China) powder (97%), and 100 mL·L−1 C5H9NO. In the three-electrode
system using a CHI660E (Shanghai Chenhua Co., Ltd., Shanghai, China), the foam nickel
served as the cathode while a nickel plate (99.9%, Chen Shuo Co., Ltd., Fuzhou, China)
acted as the anode. The electrodeposition was conducted at a temperature of 328 K for
a duration of 20 min, under various current densities: 5, 10, and 15 mA·cm−2. The
hierarchical structure was obtained by depositing under two current densities with each
current deposited for 10 min. The coated samples were named Ni/G5-10, Ni/G5-15,
Ni/G10-15, and Ni/G10-5, respectively. Following electrodeposition, the samples were
dried in an oven at 60 ◦C for 8 h.

3.2. Morphology Investigation

X-ray diffraction (XRD) was tested using an X-ray diffractometer model (Kuraray Co.,
Ltd., Tokyo, Japan) KYOWAGLAS-XA H-12 using Cu Kα radiation at operating voltages of
40 mA, 40 kV, and 2θ = 5~80◦.

X-ray photoelectron spectroscopy (XPS) analysis was performed using Horiba LabRAM
HR X-ray (HORIBA SAS Co., Ltd., Palaiseau, France) photoelectron spectroscopy.

Field emission scanning electron microscopy (SEM) was conducted using a Phenom
Pro X model from Funa Scientific Instruments (Shanghai, China) Co., Ltd., with an applied
voltage set between 10 and 15 kV. Prior to testing, the samples were gold-coated and then
placed on the microscope sample stage for analysis.

The elements in the samples were identified and quantitatively analyzed by EDS
detection. In this study, SU1510 (Hitachi High-tech Company, Tokyo, Japan) was used
to test the foam metal sample. The voltage was set at 15.0 kV, the working distance was
15 mm, and the mode was selected as surface scan. The content and distribution of carbon,
oxygen, and nickel were the main areas of study.

The experimental method of interface contact resistance (ICR) was the same as Liu
et al.’s [24] The test sample was placed between two sheets of carbon paper, then between
copper electrodes, and the two electrodes were fixed on the TS-C40L-B (Tycoway Automa-
tion Systems Co., Ltd., Shenzhen, China) press, and 3 mA constant current was output
through the MP3030D (MAISHENG Co., Ltd., Shenzhen, China) voltage regulator power
supply. At the same time, the press applied pressure from small to large, and the ICR value
of each sample was obtained under different pressures.

3.3. Corrosion Resistance Measurements

Electrochemical testing was conducted in a traditional three-electrode configura-
tion [22], with a platinum sheet (Chuxi Industry Co., Ltd., Shanghai, China) as the counter
electrode, an Ag/AgCl (Chuxi Industry Co., Ltd., Shanghai, China) reference electrode,
and a working electrode comprising a foam nickel with an area of 1 cm2. The Tafel test
was performed in H2SO4 solution with pH = 3, the voltage range was set to −1 to 0.5, and
the scan rate was 1 mV·s−1. A potentiostatic test was performed at 50 ◦C, with a voltage
of 0.6 V and air pumped into the sulfuric acid solution to simulate the fuel cell cathode
environment. The electrochemical impedance spectroscopy (EIS) test was performed at
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50 ◦C and in a 2 ppm HF (Shanghai Macklin Biochemical Technology Co., Ltd., Shanghai,
China) solution containing 0.5 mol·L−1 H2SO4 (Shanghai Macklin Biochemical Technology
Co., Ltd., Shanghai, China), with a set frequency range from 10 kHz to 0.1 Hz and an
amplitude voltage of 10 mV.

4. Conclusions

This study successfully fabricated Ni/G composite coatings with hierarchical struc-
tures on foam nickel using electrodeposition under different current densities. During the
co-deposition of Ni and graphene, the effect of the grain size in the inner layer and the outer
layer was discussed. It was found that Ni/G5-10, with larger inner size and a middle outer
size, exhibited the best corrosion performance, with the lowest dynamic and steady-state
corrosion currents, as well as the highest coating resistance. Compared with the coatings
obtained under the steady and gradient current, the hierarchically electrodeposited coating
improved the stability of the foam metals. Although the grain size was larger than that of
the former coatings, the composite of NiO and graphene covered the surface of metal foam
and formed a uniform and dense protective film. Moreover, its ICR value was 7.16 mΩ·cm2,
with a 11.8% reduction relative to the US DOE 2025 goal, resulting in lower ohmic resistance
and less heat power in the fuel cell operation.
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Abstract: Currently, the electrochemical reduction of carbon dioxide faces significant
challenges, including poor selectivity for C2 products and low conversion efficiency. An
effective strategy for optimizing the reduction reaction pathway and enhancing catalytic
performance involves manipulating highly unsaturated atomic sites on the catalyst’s sur-
face, thereby increasing the number of active sites. In this study, we employed sodium
dodecylbenzenesulfonate (SDBS) as a surfactant in the electrodeposition method to syn-
thesize copper cubes encapsulated with an amorphous shell (100 nm–250 nm) containing
numerous defect sites on its surface. The electrocatalytic CO2 reduction reactions in an
H-type reactor showed that, compared to ED-Cu synthesized without additives, AS (amor-
phous shell)-Cu-5 exhibited a Faradaic efficiency value for ethylene that was 1.7 times
greater than that of ED-Cu while significantly decreasing the Faradaic efficiency of hydro-
gen production. In situ attenuated total reflectance surface-enhanced infrared spectroscopy
(ATR-SEIRAS) revealed that introducing an amorphous shell and abundant defects altered
both the intermediate species and reaction pathways on the AS-Cu-5 catalyst’s surface, fa-
voring C2H4 formation. The density functional theory (DFT) calculations further confirmed
that amorphous copper lowers the energy barrier required for C-C coupling, resulting in a
marked enhancement in FE-C2H4. Therefore, additive-assisted electrodeposition presents
a simple and rapid synthesis method for improving ethylene selectivity in copper catalysts.

Keywords: CO2 electroreduction; Cu cube; amorphous Cu; C–C coupling; *COCHO
intermediate

1. Introduction

The extensive reliance on fossil fuels poses a significant environmental challenge and
energy crisis that the world confronts presently [1]. The electrochemical reduction of carbon
dioxide (CO2RR) presents a promising method for converting carbon dioxide into valuable
products, such as ethanol and ethylene, establishing the method as green and sustainable
due to CO2 utilization [2–5]. Among the various carbonaceous products produced via
CO2RR, C2+ products are especially appealing due to their superior volumetric energy
density and economic value compared to C1 products. As a result, enhancing the selectivity
for C2+ products has emerged as a key focus within the field of electrochemical CO2

reduction research [6–8]. Currently, electrocatalysts for the synthesis of C2+ products are
mostly Cu-based catalysts. In addition to copper-based catalysts, Abdinejad et al. [9]
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used heterogeneous nickel-supported iron electrocatalysts, facilitating electrochemical
carbon–carbon coupling to produce ethanol.

Nanomaterials have attracted extensive attention due to their unique characteristics,
such as having surface, small-size, and quantum-size effects at the nanoscale, and exhibiting
broad application prospects [10–13]. Due to these qualities, nanomaterials have been widely
studied in the field of carbon dioxide reduction [14–16]. Among these catalysts, copper is
one of the known heterogeneous catalysts capable of electrochemically reducing carbon
dioxide to carbon couplings, such as ethylene and ethanol [7,17]. However, the lengthy
and complex reaction pathways associated with copper-based catalysts result in poor
selectivity for C2+ products, which hinders their further application. In recent years,
researchers have employed various methods—including hydrothermal synthesis [18],
wet chemical approaches [19], and thermal annealing [20]—to enhance both the catalytic
performance and C2+ product selectivity of copper-based catalysts. These efforts have
resulted in the development of advanced electrocatalysts, such as single-crystal copper [21],
copper alloys [22], oxide-derived copper [23], and single-atom copper [24]. However, most
of the current preparation processes for these copper-based catalysts remain relatively
complicated, energy intensive, and time consuming. Therefore, the development of new
methods for fabricating simple yet high-performance copper-based catalysts is essential for
advancing electrochemical CO2 reduction technologies aimed at producing multi-carbon
compounds. Among these methods, electrodeposition has attracted significant interest from
researchers due to its advantages: shorter processing times, ease of operation, and robust
stability in loading processes. For instance, Chen et al. [25] employed polyvinylpyrrolidone
(PVP) as an additive using a controlled grain growth method during electrodeposition
to successfully synthesize a copper metal structure enriched with grain boundaries. This
enhancement improved the adsorption of key intermediates (*CO) on the surface of copper
and facilitated further reductions of carbon dioxide. Additionally, Chen et al. [26] prepared
LA Cu2O catalysts via direct electrodeposition on gas diffusion electrodes (GDEs) utilizing
lactic acid (LA) as an additive. Compared to systems without additives, the enhanced
electrochemically active surface area (ECSA) and the abundance of active sites—such as
grain boundaries and defects—are primary factors contributing to the heightened CO2RR
activity observed in LA Cu2O.

In addition, researchers have discovered that amorphous nanomaterials exhibit con-
siderable potential and superior performance in catalysis. Recent studies have successfully
synthesized these amorphous materials using various methods, including hydrothermal
synthesis and chemical reduction [10,27]. It has been demonstrated that, compared to con-
ventional crystalline materials, the abundant unsaturated sites on the surface of amorphous
materials can function as effective adsorption sites for carbon dioxide molecules. This
characteristic results in a significantly enhanced CO2 adsorption capacity that facilitates
the further activation of CO2. Chen et al. [28] employed Raman spectroscopy to investigate
intermediates during the initial reactions of CO2 reduction utilizing both crystalline and
amorphous Cu catalysts. The peak corresponding to CO2 on amorphous copper was
observed at −0.2 V, which is lower than the value of −0.25 V detected for crystalline
copper. This observation indicates that CO2 is more readily activated on amorphous Cu.
Furthermore, Chen et al. [28] conducted simulations to evaluate the adsorption energy of
CO on an amorphous copper model and found that, compared to Cu(111), amorphous
Cu offers stronger active sites for binding CO, thereby promoting the generation of C2+

products. However, current research concerning non-crystalline copper primarily focuses
on the strength of adsorption for either CO2 or CO*, often neglecting a comprehensive
exploration into the types or pathways of involved intermediates, particularly regarding
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coupling between intermediate species OCCO* and OCCHO*. In addition, C-C coupling
barriers within ethylene production pathways remain insufficiently reported.

Therefore, this study investigates the changes in the reaction pathways and C-C
coupling energy barriers of amorphous copper catalysts through additive-assisted elec-
trodeposition. In this research study, sodium dodecylbenzenesulfonate (SDBS) was added
to an electrolyte solution to successfully synthesize copper cubic nanocatalysts with an
amorphous shell via electrodeposition. Typically, at the initial stage of electrodeposition,
Cu2+ ions are usually reduced to Cu0 and form an ordered crystal structure. However, by
adjusting the microscopic environment of the electrolyte, the formation process of crys-
talline copper can be effectively regulated. When the anionic surfactant SDBS is added to
the electrolyte, it will adsorb on the surface of copper. The adsorption of surfactants can
alter the potential and electric field distribution on the electrode surface, thereby forming
an electrical double layer (EDL) near the Cu surface [29]. The surfactants have charges on
their molecules, which can interact electrostatically with metal ions, thereby promoting the
formation of amorphous structures by hindering the ordered arrangement of Cu crystal
forms. Therefore, the addition of SDBS to the electrolyte will hinder the deposition process
of copper and promote the formation of amorphous structures by inhibiting the ordered
arrangement of Cu crystal forms. From ATR-SEIRAS, key intermediate species *OCCO and
*OCCHO were observed on the AS-Cu-5 electrode with an amorphous shell and abundant
defects, which are critical intermediates for synthesizing C2+ products. This contrasts with
the only existing intermediate *CHO found on ED-Cu. DFT calculations further demon-
strate that amorphous materials exhibit lower energy barriers during OC-CHO coupling;
this is crucial for facilitating further C−C coupling, resulting in C2+ products.

2. Results

2.1. Structure and Morphology

A copper catalyst was prepared using carbon paper as the support in an acidic so-
lution of Cu2+ with or without the addition of sodium dodecylbenzenesulfonate (SDBS)
for constant current deposition. This process enabled the in situ formation of a cubic
nanostructured copper catalyst on the carbon paper. Without altering other conditions, we
varied the amount of SDBS added in order to investigate changes in the morphology and
structure of the catalyst. The catalysts prepared with SDBS concentrations of 3 mM, 5 mM,
and 7 mM were designated AS-Cu-3, AS-Cu-5, and AS-Cu-7, respectively. In contrast, the
material synthesized under additive-free conditions was labeled ED-Cu. Scanning electron
microscopy (SEM) analysis revealed that AS-Cu-3, AS-Cu-5, and AS-Cu-7 exhibited rough
copper surfaces adorned with numerous small copper cubes (Figure 1a–c). When utilizing
a concentration of 3 mM SDBS, it was observed that the average particle size of these
cubic structures was approximately 250 nm. Increasing the concentration to 5 mM resulted
in stacked cubes with diameters ranging from 120 to 150 nm attached to the roughened
surface. Conversely, at an SDBS concentration of 7 mM, the particle size further decreased
to about 100 nm. Notably, there is an inverse relationship between increasing the amounts
of additives and decreasing cube sizes. In stark contrast to this behavior observed for sam-
ples containing SDBS additives, only a rough surface was detected in ED-Cu without any
formation of cube-like structures (Figure 1d). Thus, we can conclude that introducing SDBS
indeed alters copper’s surface morphology by facilitating the generation of cubical-shaped
copper-based nanomaterials. Moreover, the varying concentrations of SDBS serve as ef-
fective means for further modulating the dimensions of these copper cubes. Studies have
shown that varying the deposition time can yield catalysts with different morphologies.
Therefore, we fixed the additive concentration at 5 mM and performed electrodeposition
for various durations, subsequently characterizing the samples using SEM. As illustrated
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in the presented figures, no copper cubes were formed prior to a deposition time of 10 min;
however, copper cubes began to form after a deposition period of 15 min. After extending
the deposition time to 20 min, excessive sedimentation and copper stacking resulted in a
three-dimensional structure (Figures S1–S4). In addition, SEM tests were performed for
two materials reacting at the same time under the same conditions (Figures S5 and S6). In
Figures S5 and S6, we can observe that AS-Cu-5 and ED-Cu both showed a tendency to
disperse after CO2RR. On the one hand, the copper cube in AS-Cu-5 disappears, forming a
coral-like catalyst. On the other hand, many copper nanoparticles appear on the irregular
surface of ED-Cu.

 
Figure 1. The SEM images of (a) AS−Cu−3, (b) AS−Cu−5, (c) AS−Cu−7, and (d) ED−Cu. (e–g) The
HRTEM images of AS−Cu−5 and FFT patterns. (h,i) The HRTEM images of ED−Cu and FFT patterns.

We further collected samples prepared through additive-assisted electrodeposition
on carbon paper for TEM analyses. The TEM results revealed that when SDBS was used
as an additive during electrodeposition, a core–shell structure was formed, where an
amorphous shell was enveloped by a rich polycrystalline interior. The average thickness
of this amorphous shell was approximately 7 nm, while within it, Cu(111) planes could
be observed along with numerous lattice defects (Figure 1e). Additionally, FTIR analyses
confirmed both the presence of the external amorphous shell (Figure 1f) and the internal
crystalline structure characterized by Cu(111) planes (Figure 1g). For comparative purposes,
we also conducted TEM testing on polycrystalline copper ED-Cu catalysts synthesized
without any additives. The ED-Cu electrodes exhibited uniform Cu(111) lattice orientations
(Figures 1h and S7), with subsequent FTIR analyses corroborating their crystalline structure
(Figure 1i). In summary, utilizing sodium dodecyl benzenesulfonate as an auxiliary agent
during electrodeposition allowed us to synthesize controllable-sized copper cubes featuring
both an amorphous copper shell and abundant structural defects.

To eliminate the performance differences arising from the valence state and crystal
structure of copper, we conducted X-ray diffraction (XRD) and X-ray photoelectron spec-
troscopy (XPS) tests on ED-Cu, AS-Cu-3, AS-Cu-5, and AS-Cu-7. In the XRD testing results,
all catalysts exhibited three peaks at angles of 43.3◦, 50.4◦, and 74.1◦ (Figure 2a), corre-
sponding to Cu(111), Cu(200), and Cu(220), respectively. The diffraction peak observed at
54.21◦ is attributed to the carbon paper substrate, indicating that the introduction of SDBS
did not alter the crystal structure of the catalysts. Further analysis was performed using
XPS to investigate the elemental composition and valence states present in the AS-Cu-5
and ED-Cu electrodes. The XPS spectra predominantly revealed elements such as C, O,
F, Cu, Na, and S in AS−Cu−5 (Figure S8). Notably, C and F originate from carbon paper
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that is typically modified with polytetrafluoroethylene. In the XPS spectrum of Cu 2p
regions, as shown in Figure 2b, two peaks were identified at binding energies centered
around 932.1 eV and 952.1 eV; these correspond to Cu0/1+ for Cu 2p3/2 and Cu 2p1/2,
respectively. Additionally, the peak with a binding energy of approximately 933.88 eV
corresponds to Cu2+ in conjunction with a vibrational peak at around 945.00 eV, confirming
the trace presence of cupric ions on the surface [30,31]. The ED-Cu electrode exhibited a
similar XPS pattern (Figure S9). In addition, the atomic percentage of Cu in ED-Cu and
AS-Cu-5 electrodes was quantitatively analyzed according to the Cu2p peak intensity, and
the results show that there is no obvious difference in the Cu content of ED-Cu and AS-Cu-5
electrodes (Table S1). Overall analyses from both XRD and XPS measurements indicate
that incorporating additives does not influence either the crystal structure or valence state
of copper within these catalysts. Therefore, the enhancement observed in CO2RR efficacy
cannot be attributed to changes in the copper’s crystalline form or its oxidation states. In
previous studies, it has been demonstrated that amorphous Cu structures exhibit high
activity levels for the conversion of carbon dioxide to carbon monoxide (CO), with a greater
number of CO molecules adsorbing on the catalyst’s surface [28,32]. This characteristic
facilitates the further dimerization of CO into multi-carbon products. To ensure that en-
hanced performances in the CO2 reduction reaction (CO2RR) observed in this experiment
are indeed attributable to the introduction of an amorphous shell, it is essential to eliminate
any influence from additives. Therefore, we conducted Fourier transform infrared spec-
troscopy tests on AS-Cu-5 and ED-Cu materials. As illustrated in Figure 2c, the spectra of
the two materials are largely similar. Peaks at approximately 1200 cm−1 and 1068 cm−1

correspond to S-O bonds within the SO4
−2 groups. The characteristic peak of the S=O

bond mainly appears within 1320–1380 cm−1, which is due to sulfonic acid groups, while
a peak at around 1500 cm−1 can be attributed to aromatic ring vibrations. Notably, we
clearly observe the characteristic peak of S-O, but no significant S=O characteristic peaks
were observed in Figure 2c, thus ruling out any enhancements in performance due to
functionalization by sulfonic acid groups. Although additives do not directly participate in
the CO2RR process, they may alter the selectivity toward ethylene production by inducing
abundant defects and promoting the formation of an amorphous copper shell.

Figure 2. (a) XRD of AS−Cu−3, AS−Cu−5, AS−Cu−7, and ED-Cu; (b) XPS spectra of AS−Cu−5;
(c) FTIR spectra of AS−Cu−3, AS−Cu−5, AS−Cu−7, and ED−Cu; (d) double-layer capacitance
measurement of AS−Cu−3, AS−Cu−5, AS−Cu−7, and ED-Cu; (e) Nyquist plots over AS−Cu−3,
AS−Cu−5, AS−Cu−7, and ED−Cu; (f) LSV of AS−Cu−3, AS−Cu−5, AS−Cu−7, and ED-Cu in
CO2−saturated 0.1 M KCl.

94



Inorganics 2025, 13, 130

It is generally known that electrodes with larger surface areas can provide more cat-
alytic active sites, thereby better facilitating CO2 reduction reactions [33–35]. Therefore, we
conducted a study on the electrochemically active surface area of four materials: ED-Cu,
AS-Cu-3, AS-Cu-5, and AS-Cu-7. Notably, after the addition of SDBS as an auxiliary for
electrodeposition, all three materials exhibited varying degrees of reduction in their active
surfaces. Among these four materials, ED-Cu presented the largest double-layer capaci-
tance value (0.64 mF·cm−2) rather than AS-Cu-5 (0.396 mF·cm−2), which demonstrated the
best catalytic performance (Figure 2d). Moreover, differing deposition times altered the
morphology of the catalysts; thus, we further investigated their electrochemical surface
areas under different deposition durations. As shown in Figure S10, AS-Cu-5 deposited
for 20 min exhibited the highest double-layer capacitance value (0.652 mF·cm–2), while
AS-Cu-5 at 5 min exhibited the lowest capacitance value (0.27 mF·cm−2). With an increase
in deposition times, there was a corresponding increase in material electrochemical surface
area. However, this did not result in enhanced reduction performances over time. Con-
sequently, we propose that the high catalytic activity of AS-Cu-5 is not attributable to an
increase in the electrochemically active area but is instead related to improvements in the
intrinsic active sites. The lower resistance values are likely beneficial for charge transfers
during electrochemical reactions and may represent one significant factor contributing
to the superior catalytic activity [19]. In order to further investigate the electron transfer
capabilities of these four electrodes, we conducted electrochemical impedance spectroscopy
(EIS) on the materials. As shown in Figures 2e and S11, there is no significant difference
in the charge transfer resistance among the four materials. Furthermore, after varying the
deposition time, the impedance remains relatively consistent (Figure S12). Subsequently,
analyses of the linear sweep voltammetry curves (Figure 2f) indicate that AS-Cu-5 does not
exhibit a notable increase in current density compared to the other three electrodes.

2.2. Activity for CO2 Reduction

We conducted electrochemical tests on the synthesized copper-based catalysts for
CO2 reduction reactions (CO2RR) using a standard H-type electrolytic cell employing a
constant potential method. After completing the reaction, we collected the gaseous prod-
ucts and analyzed them via gas chromatography. Firstly, through our characterizations,
we discovered that varying concentrations of sodium dodecylbenzenesulfonate (SDBS)
significantly influenced the morphology of the Cu catalyst, resulting in different copper
cube sizes. Consequently, we further compared the CO2RR performance of Cu catalysts
fabricated via electrodeposition assisted by various amounts of SDBS (Figure 3a). From the
results presented in the figure, it is evident that when SDBS was added at a concentration of
5 mM, the Faradaic efficiency for C2H4 reached its peak at 43.3%. In contrast, with addition
levels of 3 mM and 7 mM SDBS yielding Faradaic efficiencies of 35.2% and 37.8% for
C2H4, respectively, both were found to enhance ethylene production efficiency compared
to electrodialyzed copper (ED-Cu) while also effectively suppressing hydrogen evolution
reactions [19]. The effects of different deposition times on the performance of catalysts
in CO2 reduction reactions (CO2RR) were further investigated. Figure 3a illustrates the
influence of the deposition time of electrode materials on their performance under a fixed
current density. It was observed that as the deposition time increased from 5 min to 15 min,
the Faradaic efficiency for ethylene (C2H4) production gradually improved, reaching a
maximum value of 43.3% at a deposition time of 15 min. However, with an extension
of 20 min, the Faradaic efficiency for C2H4 dropped to 36.7% (as shown in Figure 3b).
Therefore, we determined that the optimal electro-deposition time is 15 min. This enhance-
ment can be attributed to cumulative effects during the deposition process, resulting in the
gradual formation of a copper cubic structure that provides more opportunities for the C-C
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coupling of intermediates. Conversely, excessive or insufficient copper thicknesses may
contribute to catalyst agglomeration, which negatively impacts reaction progression.

 

Figure 3. CO2RR performance in CO2−saturated KCL. (a) CO2RR performance of different additive
amounts. (b) CO2RR performance at various deposition times. The FE at different applied potentials
over (c) ED−Cu and (d) AS−Cu−5. (e) Stability test at −1.2 V vs. RHE of AS−Cu−5.

As anticipated, the four materials demonstrated the typical CO2RR performance of
polycrystalline copper in full-potential tests (Figures 3c,d, S13 and S14). Specifically, with
increasing overpotential, the faradaic efficiency of C2H4 (FE-C2H4) gradually increased
while that of CO (FE-CO) decreased. At −1.2 V. RHE, the FEC2H4 of ED-Cu was recorded
at 24.04%, with FE-H2 at 40.4%. Typically, after CO2 adsorption on the catalyst and the
subsequent formation of CO*, it can directly desorb as CO or participate in C-C coupling
on the catalyst’s surface to yield multi-carbon products. In contrast, AS-Cu-5 exhibited a
higher FEC2H4 (43.3%) and lower FE-H2 (23.7%). Additionally, we observed that FE-CO
on ED-Cu was significantly greater than that on AS-Cu-5. The performance tests indicate
that more carbon dioxide can be reduced on AS-Cu-5, resulting in the greater utilization
of CO for dimerization reactions producing C2H4, whereas for ED-Cu, adsorbed CO* is
released directly as CO. Across the entire test potential range, the reaction current density
for AS-Cu-5 consistently surpassed that of ED-Cu (Figure S15), evidencing enhanced
catalytic activity for activating CO2 at the AS-Cu-5 electrode. In Figures S16 and S17, we
compare the faradaic efficiencies of ethylene and methane between optimal additive-loaded
AS-Cu-5 and additive-free electrodeposited ED-Cu. Notably, we observed a significant
enhancement in both ethylene and methane faradaic efficiencies across all potentials with
AS-Cu-5 compared to ED-Cu. Furthermore, during stability testing conducted with the
AS-Cu-5 catalyst, we found that both the reaction’s current density and the Faradaic
efficiency of C2H4 were maintained within a consistent range throughout the reaction
process (Figure 3e), indicating the stability of this catalyst.

3. Discussion

From the above research, we have identified that the incorporation of SDBS-assisted
electrodeposition presents a simple yet efficient method for preparing copper catalysts ca-
pable of electrochemically reducing CO2 to C2H4. Compared to catalysts produced without
SDBS, those formed via this approach exhibit superior reduction performances and lower
hydrogen evolution efficiencies. The currently known reduction processes result in the
formation of rough copper surfaces characterized by increased roughness [36], abundant
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grain boundaries [37], and unsaturated coordination environments [38]. These unique
properties may contribute to enhanced selectivity toward multi-carbon products. Further-
more, some studies emphasize that the presence of Cu1+ and Cu2+ enhances the selectivity
for multi-carbon products [39,40]. However, in our study, following the addition of SDBS
during assisted electrodeposition, there was no significant difference in the concentrations
of Cu1+ and Cu2+ between AS-Cu-3, AS-Cu-5, and AS-Cu-7 electrodes and those prepared
without additives (ED-Cu). To further elucidate the origin of variations in CO2RR activity
after adding SDBS to the catalyst preparation process, we compared AS-Cu-5—the most
effective sample—to ED-Cu under identical CO2RR conditions (same reactor setup, elec-
trolyte composition, carbon dioxide flow rate, etc.). As shown in Figure S18, we conducted
TEM tests on AS-Cu-5 after CO2RR reactions, and the results showed that AS-Cu-5 still
had stable amorphous shells. Analyzing XRD patterns post-reaction (Figure S19) revealed
no changes in the crystal structure between AS-Cu-5 and ED-Cu before and after reactions.
Moreover, XPS spectra for Cu 2p (Figure S20) indicated a reduction in peaks associated
with Cu2+, suggesting that both catalysts demonstrate an overall transition from higher
valence states to lower ones during the reaction. In summary, it appears that neither the oxi-
dation state nor morphology within these materials predominantly influences performance
differences. Rather than these factors being central determinants affecting catalytic efficacy
in CO2RR activities, especially regarding C2H4 products, the enhancements observed in
the materials derived through SDBS-assisted electrodeposition can be attributed primarily
to exhibited amorphous shell characteristics along with rich defect structures; such features
are conducive to elevating both reactivities toward C2H4 production and selectivity.

To further investigate how the amorphous shell and abundant defects enhance the
performance of electrodes in CO2 reduction reactions (CO2RR), we employed in situ atten-
uated total reflectance surface-enhanced infrared absorption spectroscopy (ATR-SEIRAS)
to monitor the types of adsorbates on the catalyst’s surface, aiming to elucidate the reasons
and mechanisms behind the improved CO2RR performance. Firstly, a peak at 2077 cm−1

observed for ED-Cu corresponds to *CO (Figure S21); this peak diminishes as the potential
increases from −0.2 V to −0.5 V, indicating the consumption of *CO. A similar peak at
2072 cm−1 corresponding to *CO is noted on the AS-Cu-5 catalyst (Figure S22). AS-Cu-5
exhibits stronger CO adsorption in a larger range of sites. The weak signal from *CO
intermediates in both materials may be attributed to further rapid reduction processes
involving *CO. Furthermore, the peaks observed at 1685 cm−1 and 1384 cm−1 for ED-Cu
correspond to the *CHO and *COOH species, respectively (Figure 4a), with *CHO serving
as a crucial intermediate in pathways resulting in CH4 formation [41,42]. In addition to the
peak related to *COOH, AS-Cu-5 also reveals intermediate species at 1575 cm−1 (*OCCHO)
and 1535 cm−1 (*OCCO) [43], both of which are key intermediates for synthesizing C2H4.
Notably, between −0.1 V and −0.4 V, the *OCCO intermediate demonstrates a significant
advantage. However, beyond −0.5 V, *OCCHO becomes the predominant intermediate.
Typically, CO2 adsorbs on the catalyst’s surface and undergoes hydrogenation to form
*COOH, which can further be hydrogenated to generate HCOOH or activated relative
to adsorbed *CO. Following the formation of *CO, there are four potential pathways:
(1) direct desorption as CO; (2) hydrogenation to form *CHO, followed by additional
hydrogenation to produce CH4; (3) two *CO molecules coupling through the C-C linkage
to yield *OCCO [44,45]; (4) coupling between *CO and *CHO, resulting in the formation of
*OCCHO [43,46]. The latter two pathways typically contribute to the production of C2H4.
Consequently, enhancing the concentration of surface-adsorbed intermediates *OCCO and
*OCCHO on the catalyst is more conducive to generating multi-carbon products. It can
thus be inferred that the formation of amorphous shells with abundant defects may alter
the microenvironment on the catalyst’s surface, modulating both reaction intermediates
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and pathways and thereby favoring C2H4 product generation during the electroreduction
of CO2 with AS-Cu-5 catalysts.

 
Figure 4. In situ ATR−SEIRAS spectra of (a) ED−Cu and (b) AS−Cu−5. (c) Free energy diagram of
the process from CHO to *CH2O on crystal Cu and amorphous Cu. (d) Free energy diagram of C−C
coupling on crystal Cu and amorphous Cu.

Afterward, DFT calculations were performed to gain a deeper understanding of the
reaction mechanisms at the molecular level. Crystal Cu(111) (Figure S23) and amorphous
copper-encapsulated Cu(111) structures (Figure S24) were constructed. The DFT calcula-
tions were informed by previous research studies concerning the pathways for methane
production [47–49] (Figrues 4c and S25). The free energy of the electroreduction from CO2

to CH4 is calculated (Figures S26 and S27). Among these pathways, in addition to *CO
protonation to *CHO being commonly regarded as a potentially rate-determining step, it is
also suggested that the *CH2O and *CH3O species formed through electron coupling from
*CHO are crucial intermediates that determine selectivity [50]. Therefore, one reason for the
enhanced activity of methane relative to amorphous copper electrocatalysts can be attributed
to the exothermic nature of the process from CHO to *CH2O. Additionally, based on the
prior literature, we hypothesized that the typical mechanism for CO2 reduction to ethylene
involves two adsorbed *CO molecules [51,52]. Specifically, one adsorbed *CO species can
undergo hydrogenation to form *CHO while another undergoes dimerization, resulting in
the formation of an intermediate compound known as *OCCHO [53] (Figures 4d and S28).
The free energy of the electroreduction from CO2 to C2H4 was calculated (Figures S29 and
S30). The computational results indicate that, for this critical step in generating *OCCHO
using amorphous catalysts, the energy barrier is significantly lower at −0.94 eV compared to
that observed for crystalline copper catalysts. This finding suggests that there are relatively
small energy barriers associated with ethylene production via amorphous copper and thus
faster reaction rates compared to crystalline counterparts. This correlation aligns with in situ
infrared spectroscopy data indicating higher concentrations of *OCCHO for AS-Cu-5 catalysts
relative to ED-Cu catalysts, and it is consistent with experimental observations showing
superior CO2RR performances by AS-Cu-5 compared to ED-Cu.
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4. Materials and Methods

4.1. Materials

Carbon fiber paper (TGP-H-60, 0.19 nm thickness) was purchased from Toray (Tokyo,
Japan). A Nafion N-117 membrane (0.180 mm thick, ≥0.90 meg/g exchange capacity),
copper sulfate pentahydrate (CuSO4·5H2O, ≥99%, Tianjin Damao Chemical Reagent Fac-
tory, Tianjin, China), sulfuric acid (H2SO4, 96%~98%, Damao chemical reagent), sodium
dodecylbenzenesulfonate (SDBS, Tianjin Tianli Chemical Reagent Co,. Ltd., Tianjin, China),
potassium chloride (KCL, Tianjin Damao Chemical Reagent Factory, Tianjin, China), and
potassium hydrogen carbonate (KHCO3, 99.7–100.5%, Thermo Fisher Scientific, Shanghai,
China) were used. High-purity carbon dioxide mixed gas (99.999%), argon gas (99.9993%),
and high-purity nitrogen (99.9993%) were used as feedstock and carrier gases. All reagents
were used as received.

4.2. Synthesis of Electrode

Synthesis of ED-Cu: The preparation of ED-Cu was modified according to the in-
structions of a previous report [26]. The carbon fiber paper (1 × 2 cm2) was washed with
ethanol and ultrapure water (18.2 MΩ) in turn. Electrochemical deposition was performed
in 0.1 M CuSO4 and 0.1 M H2SO4 solutions using a 50 mL electrolyzer. After thorough
stirring, the carbon paper and Pt net with an area of 1 cm2 are used as the cathode and
anode, respectively. Electrodeposition was conducted in situ, and the process was carried
out at −20 mA on the carbon paper for 15 min using a high-resolution DC power supply
(DH1718E-6, Beijing Dahua Radio Instrument Co., Ltd., Beijing, China).

Synthesis of AS-Cu-X (X = 3, 5, 7): AS-Cu-5 was deposited under the same conditions
as ED-Cu. In a typical synthesis stage, AS-Cu-X was electrodeposited in 0.1 M CuSO4 and
0.1 M H2SO4 solutions using a 50 mL electrolyzer. Then, X (X = 3, 5, and 7) mM SDBS was
added. The working reference and counter electrode are consistent with that of ED Cu.
After thorough stirring, AS-Cu-X was deposited on the carbon fiber paper with a 1 cm2

working area (1 × 1 cm2) using a high-resolution DC power supply (DH1718E-6, Beijing
Dahua Radio Instrument Co., Ltd., Beijing, China), which outputted a −20 mA current for
the desired time.

4.3. Electrochemical Measurements

All electrochemical experiments were conducted on an electrochemical workstation
(EnergyLab XM, Ametek Corporation, Berwin, IL, USA). Electrochemical CO2RR was
measured in a standard H-cell, with Ag/AgCl and Pt gauze (1 × 1 cm2) as the reference
and counter electrodes, respectively. An anion exchange membrane (Nafion 117) was
used to separate two compartments. Then, a 0.1 M KCl solution and 0.1 M KHCO3

solution were utilized as the cathode and anodic electrolytes, respectively. Prior to CO2RR
measurements, 99.995% CO2 was continually bubbled into electrolytes (0.1 M KCl) with
a flow rate of 20 sccm in order to reach saturation. LSV measurements in gas-saturated
electrolytes were carried out within the potential range of 0 V to −1.4 V versus RHE at a
sweep rate of 50 mV s−1 before experiments. Slight magnetic stirring was employed to
acquire uniform electrolytes. All potential readings were measured against Ag/AgCl and
then converted to RHE using the following equation: E (vs. RHE) = E (vs. Ag/AgCl) +
0.197 V + 0.0591 V × pH. Gaseous reduction products were analyzed using an online gas
chromatograph (GC, Shimadzu 2014, Shimadzu Corporation, Kyoto, Japan). A bio-Logic
VMP3 multichannel potentiostat/galvanostat with built-in EIS analysis was used for all
electrochemical measurements under ambient pressure. The Faradic efficiency (FE) of each
product was calculated using the following equation:

99



Inorganics 2025, 13, 130

FE =
Qproduct

QTotal
× 100% =

amount of product × n × F
C

× 100%

where n represents the number of electrons transferred, F represents the Faradaic constant,
and C represents the Coulomb number.

4.4. In Situ ATR-SEIRAS Measurements

In situ ATR-SEIRAS measurements: In situ ATR-SEIRAS measurements were carried
out using Germany Bruker INVENIO S (Berlin) in a reactor, which consisted of two cham-
bers with three electrodes. The Ag/AgCl electrode and Pt mesh were used as the reference
and counter electrodes. Then, 0.1 M KCl solution and 0.1 M KHCO3 solution were utilized
as the cathode and anodic electrolytes, respectively. The flow rate of CO2 for saturating
the cathode electrolyte was 20 sccm. Different potentials were applied during in situ SERS
measurements, and electrolysis was performed from 0 V vs. RHE to −1 V vs. RHE for
15 min, after which the signal was collected.

5. Conclusions

In summary, we successfully synthesized copper cubes designated as AS-Cu-5 through
additive-assisted electrodeposition, which demonstrated enhanced performances compared
to the ED-Cu produced via traditional electrodeposition without additives. Transmission
electron microscopy (TEM) analyses indicate that the AS-Cu-5 catalysts exhibit an amor-
phous copper shell characterized by a significant presence of defects. Specifically, varying
sizes of copper cubes can be obtained by manipulating the quantity of additives used. In
an H-cell setup, the AS-Cu-5 electrode achieved a high Faradaic efficiency (FE) of 43.3% for
C2H4 production while reaching 23.7% FE for hydrogen generation at −1.2 V versus RHE.
In situ ATR-SEIRAS results reveal that ED-Cu displays *CHO intermediates; in contrast,
AS-Cu-5 is associated with two distinct intermediates: *OCCO and *OCCHO—neither of
which are present in ED-Cu samples. The density functional theory (DFT) calculations
further substantiate that the amorphous structure of copper presents a lower energy barrier
during the C–C coupling process. These findings suggest that the amorphous Cu shell
modulates both the reaction pathway and product selectivity for CO2 reduction reactions
(CO2RR). Overall, this study highlights a straightforward and effective strategy for fabri-
cating Cu catalysts featuring an amorphous copper shell, resulting in improved activity
and selectivity relative to multi-carbon products.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/inorganics13050130/s1, Figure S1. SEM images of AS-Cu-5 after a
deposition period of 5 min. Figure S2. SEM images of AS-Cu-5 after a deposition period of 10 min.
Figure S3. SEM images of AS-Cu-5 after a deposition period of 15 min. Figure S4. SEM images
of AS-Cu-5 after a deposition period of 20 min. Figure S5. SEM images of AS-Cu-5 after CO2RR.
Figure S6. SEM images of ED-Cu after CO2RR. Figure S7. The HRTEM images of ED-Cu. Figure
S8. The full XPS spectrum of the as-prepared AS-Cu-5 catalyst. Figure S9. XPS spectra of AS-Cu-5.
Figure S10. Double-layer capacitance measurement of AS-Cu-5 after different deposition time. Figure
S11. Equivalent circuit used for fitting the data of Nyquist plots. The components contain solution
resistance (Rd), double layer capacitance (CPE), electron transfer resistance (Rct) and Warburg-type
impedance (Zw). Figure S12. Nyquist plots over the four electrodes AS-Cu-5 after different deposition
time. Figure S13. The FE at different applied potentials over AS-Cu-3. Figure S14. The FE at different
applied potentials over AS-Cu-7. Figure S15. Current density of C2H4 over ED-Cu and AS-Cu-5
at different applied potentials. Figure S16. The FE-C2H4 over ED-Cu and AS-Cu-5 at different
applied potentials. Figure S17. The FE-CH4 over ED-Cu and AS-Cu-5 at different applied potentials.
Figure S18. The HRTEM images of AS-Cu-5 after CO2RR. Figure S19. XRD of AS-Cu-5 and ED-Cu
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after CO2RR. Figure S20. XPS spectra of AS-Cu-5 and ED-Cu after CO2RR. Figure S21. In-situ
ATR-SEIRAS spectras of ED-Cu. Figure S22. In-situ ATR-SEIRAS spectras of AS-Cu-5. Figure S23.
The crystal Cu(111) structures. Figure S24. Amorphous copper-encapsulated Cu(111) structures.
Figure S25. The simulated mechanism for the crystal (a) and amorphization (b) to the CH4 production
pathways. Figure S26. Calculated free energy of crystal Cu for CH4. Figure S27. Calculated free
energy of amorphous Cu for CH4. Figure S28. The simulated mechanism for the crystal (a) and
amorphization (b) to the C2H4 production pathways. Figure S29. Calculated free energy of crystal
Cu for C2H4. Figure S30. Calculated free energy of amorphous Cu for C2H4. Table S1. Atomic ratio
of Cu from Cu2p signals of ED-Cu and AS-Cu-5 electrodes. Table S2. Comparison of the results
of CO2 electroreduction to ethylene over various Cu-based composite electrocatalysts in H-cell.
References [54–59] are cited in the Supplementary Materials.
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Abstract: The electrochemical CO2 reduction reaction (eCO2RR), driven by renewable
energy, represents a promising strategy for mitigating atmospheric CO2 levels while gener-
ating valuable fuels and chemicals. Its practical implementation hinges on the development
of highly efficient electrocatalysts. In this study, a novel dual-metal atomic catalyst (DAC),
composed of niobium and palladium single atoms anchored on a ferroelectric α-In2Se3

monolayer (Nb-Pd@In2Se3), is proposed based on density functional theory (DFT) calcu-
lations. The investigation encompassed analyses of structural and electronic character-
istics, CO2 adsorption configurations, transition-state energetics, and Gibbs free energy
changes during the eCO2RR process, elucidating a synergistic catalytic mechanism. The
Nb-Pd@In2Se3 DAC system demonstrates enhanced CO2 activation compared to single-
atom counterparts, which is attributed to the complementary roles of Nb and Pd sites.
Specifically, Nb atoms primarily drive carbon reduction, while neighboring Pd atoms
facilitate oxygen species removal through proton-coupled electron transfer. This dual-site
interaction lowers the overall reaction barrier, promoting efficient CO2 conversion. No-
tably, the polarization switching of the In2Se3 substrate dynamically modulates energy
barriers and reaction pathways, thereby influencing product selectivity. Our work provides
theoretical guidance for designing ferroelectric-supported DACs for the eCO2RR.

Keywords: electrochemical CO2 reduction reaction; density functional theory; dual-metal
atomic catalyst; ferroelectric

1. Introduction

Carbon dioxide (CO2), a principal climate-altering gas, drives critical environmental
challenges including rising global temperatures, climatic instability, ocean acidification,
and ecological carbon cycle disturbances [1,2]. Urgent action is required to achieve net-
zero anthropogenic carbon dioxide equivalent emissions by 2050, as mandated by the
Intergovernmental Panel on Climate Change (IPCC) to cap global temperature increases
at 1.5 ◦C above preindustrial baselines [3]. This imperative is becoming increasingly
critical given the persistent reliance on emission-generating technologies and escalating
global energy demands. Addressing the dual challenge of atmospheric CO2 mitigation and
sustainable utilization has emerged as a pivotal research frontier [4–7]. Carbon management
encompasses three interconnected approaches to mitigating anthropogenic CO2 emissions.
First, energy generation processes are being optimized through advanced combustion
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technologies, such as oxy-fuel combustion with pure oxygen injection and homogeneous
charge compression ignition (HCCI) engines using biofuel blends [8,9]. Second, modern
carbon capture technologies are advancing beyond conventional geological storage in saline
aquifers or depleted oil fields by transforming captured CO2 into value-added products like
construction aggregates, agricultural bio-fertilizers, and energy-efficient syngas, leveraging
advanced separation processes such as pressure swing adsorption (PSA) and membrane
systems [10,11]. Third, the chemical conversion pathways, particularly electrocatalytic CO2

reduction reaction (eCO2RR), utilize multi-electron transfer processes (2e− to 12e−) with
tailored catalysts (e.g., Cu for hydrocarbons, Ag/Zn for CO) to produce value-added fuels
and chemicals like CO, formate, methane, ethylene, and ethanol, while enabling renewable
energy integration and high-pressure reactor designs for industrial scalability [12,13].

Among the above approaches, the eCO2RR stands out for its dual capacity to miti-
gate emissions and generate valuable chemical feedstocks [14–16]. And this technology
has four key advantages. First, the eCO2RR leverages renewable electricity from solar,
wind, or tidal energy to convert CO2 into chemicals, enabling carbon-neutral cycles while
reducing reliance on fossil fuels [17]. Second, the process generates high-value chemicals
like ethylene (feedstock for plastics) [18], methane (fuel) [19], and formate (industrial
reagent) [20], directly replacing fossil-derived equivalents in existing supply chains. Third,
unlike thermocatalytic methods requiring high temperatures/pressures, the eCO2RR oper-
ates efficiently at room temperature and atmospheric pressure, reducing energy demands
and infrastructure complexity. Forth, modular flow cell designs and membrane electrode
assemblies (MEAs) allow scalable deployment for industrial adoption [21].

The eCO2RR process involves intricate multi-stage reaction sequences: (1) CO2 ad-
sorption at electrode interfaces; (2) proton=coupled electron transfer (PCET) steps, which
forms C–H bonds with broken C=O bonds; and (3) detachment of synthesized compounds
from active sites through desorption mechanisms and their subsequent transport into the
bulk reaction medium via dissolution–diffusion pathways [22]. This sequential process
becomes particularly consequential in water-containing systems where the parasitic hy-
drogen evolution reaction (HER) actively competes with the CO2RR for catalytic resources
and electron transfer, fundamentally altering the thermodynamic landscape and resulting
in suboptimal product distributions [23].

In the process of reducing CO2 with metal electrodes, there are many challenges,
including the impact of the poor stability of the electrodes. Many metal electrodes, such
as palladium (Pd), indium (In), and tin (Sn), have stability issues when reducing CO2.
Take Pd as an example; CO has strong adsorption energy on its surface, which causes
the electrode to be easily poisoned and deactivated, greatly shortening its service life [24].
Although In and Sn electrodes can achieve the reduction of CO2, they often require a higher
voltage to drive the reaction [25–27], which not only causes a large waste of energy but
may also trigger side reactions due to high voltage, further reducing the selectivity and
efficiency of the reaction. At the same time, the stability of the electrode deteriorates further
under high voltage, accelerating the electrode’s wear and tear. These problems seriously
restrict the practical application of metal electrodes in the field of CO2 reduction [26].
Effective eCO2RR implementation hinges on catalytic systems being optimized across three
critical dimensions, namely conversion efficiency under applied potentials, target product
selectivity over competing reactions, and long-term structural and functional stability.
These properties are intrinsically linked to atomic-scale catalyst architecture, particularly
the coordination environment of active sites.

Since the conceptualization of single-atom catalysts (SACs) in 2011, these atomically
dispersed metal systems have revolutionized catalytic research through maximum metal
utilization efficiency (approaching 100%) [28–33], well-defined active site geometries for
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mechanistic studies [34–36], and enhanced selectivity profiles compared to nanoparticle
analogues. However, SAC implementation faces two fundamental constraints: low active
site density due to synthesis limitations and inadequate multi-intermediate stabilization in
complex eCO2RR pathways [37,38]. This has prompted researchers to turn their attention
to bimetallic atomic catalyst (DAC) systems with greater structural flexibility.

DACs exhibit distinct advantages over isolated SACs, combining the inherent merits
of SACs with supplementary synergistic benefits: (1) DACs substantially elevate metal load-
ing capacities while expanding the population of accessible reactive centers, a critical factor
for scalable catalytic applications [39]; (2) DACs permit dynamic spatial arrangements
of active sites, enabling coordinated interactions essential for multi-step CO2 reduction
pathways [40,41]; (3) electronic modulation between dissimilar metal atoms allows precise
regulation of intermediate binding strengths, creating tunable platforms for reaction path-
way optimization and selectivity control [40,42–47]; (4) independent yet coexisting metallic
centers enable parallel reaction channels, permitting simultaneous production of distinct
value-added compounds through site-specific catalytic processes [48]; (5) and in DACs, one
metallic component can modify support interactions that subsequently influence the cat-
alytic behavior of adjacent metal sites, creating cascading activation mechanisms [30,49,50].
It is anticipated that further studies will concentrate on enhancing the performance of
bimetallic atomic site catalysts.

Contemporary DACs predominantly utilize two-dimensional nitrogen-doped carbon
substrates, as exemplified by Fe-Co [51], Ni-Fe [52], and Co-Pt [53] dual-atom configura-
tions, which have been fabricated with dual-solvent, pyrolysis, and cyclic voltammetry
methods, respectively. However, these conventional DACs exhibit inherent limitations
in post-synthesis catalytic tunability due to their inability to leverage substrate property
modifications for performance enhancement. Recent advancements in ferroelectric mate-
rial engineering provide a promising solution. Substantial theoretical and experimental
evidence demonstrates that polarization direction modulation in ferroelectrics not only
governs molecular adsorption/desorption dynamics but also enables precise control over
surface catalytic activity and product selectivity [54–56]. Capitalizing on this principle, we
engineered a novel ferroelectric DAC system by anchoring niobium (Nb) and palladium
(Pd) single atoms onto an α-In2Se3 monolayer substrate (Nb-Pd@In2Se3). The α-In2Se3

monolayer is a van der Waals material exhibiting coupled in-plane and out-of-plane fer-
roelectric polarization at room temperature [56–58]. It features a quintuple atomic-layer
structure (Se-In-Se-In-Se) with spontaneous polarization arising from asymmetric Se atom
displacements, enabling bidirectional electric field control of both polarization axes. This
unique architecture allows for the dynamic regulation of metal–support interactions, ad-
dressing the static catalytic behavior inherent to traditional carbon-based DACs. The
theoretical analysis revealed that the dual-metal atomic configuration significantly en-
hances CO2 activation capability during the eCO2RR process. In the synergistic catalytic
mechanism, the Nb atomic sites predominantly function as catalytic centers for carbon
reduction, while the adjacent Pd counterparts facilitate oxygen species removal through a
complementary catalytic pathway. Notably, polarization switching of the ferroelectric sub-
strate modulates both the energy barriers along the reaction coordinates and the dominant
reaction pathways, ultimately dictating the selectivity of terminal products.

2. Results and Discussion

2.1. Geometric Structures of Nb-Pd@In2Se3

The 2D ferroelectric α-phase In2Se3 monolayer was chosen as the substrate material.
Based on our previous work [56], we selected Pd and Nb transition metals as candidates
for loaded metallic dual atoms, since they can stably form Pd@In2Se3 and Nb@In2Se3
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SACs. According to the position of the intermediate Se layer offset (see Figure 1a,b), the
α-In2Se3 monolayer has two stable polarization phases, namely polarization upward (P↑)
and downward (P↓). We refer to the configuration where the Pd-Nb dual-atom pair is
doped on the outer surface of two layers with a Se spacing of 3.06 Å as the Pd-Nb@P↓-
In2Se3. Moreover, the configuration where the Pd-Nb dual-atom pair is doped on the
outer surface of two layers of Se with a spacing of 3.84 Å is called Pd-Nb@P↑-In2Se3. As
for the SACs [59–61], strong binding strength is essential for the stability of DACs. At
the energetically most favorable site, the binding energy of the Nb-Pd dual-atom pair in
Pd-Nb@P↓-In2Se3 and Pd-Nb@P↑-In2Se3 were −15.69 and −12.27 eV/unit, respectively.
The low binding energies indicate that there is a strong interaction between the metal
atoms and the substrate, as evidenced by the strong covalent Pd–Se and Nb-Se bonds (see
Figure 1a,b), which are caused by the strong hybridization of Se p and Pd/Nb d orbitals
near the Fermi level (see Figure S1a,b).

Figure 1. Side views of the optimized configuration of (a) Pd-Nb@P↓-In2Se3 and (b) Pd-Nb@P↑-
In2Se3 DACs.

To further demonstrate the structural stability of Pd-Nb@In2Se3, ab initio molecular
dynamics (AIMD) calculations were carried out on these two configuration at a temperature
of 1000 K, with a time step of 1 fs and a total time length of 10 ps (see Figure 2a,b). During
the AIMD simulations, the geometrical structure did not change significantly, and the total
energy of the system tended to be stable, indicating that these configurations have good
thermal stability. Overall, both the binding energy and molecular dynamics simulation
results show the promising feasibility of fabricating Pd-Nb@In2Se3 DACs.

Figure 2. The ab initio molecular dynamics simulations of (a) Pd-Nb@P↓-In2Se3 and (b) Pd-Nb@P↑-
In2Se3 configurations at 1000 K, showing the fluctuations in the total energy (upper) and temperature
(lower) over a time step of 1 fs and a duration of 10 ps.
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2.2. Activation of CO2 on Pd-Nb@In2Se3 DACs

The effective activation of CO2 molecules is a key step for the subsequent reduction
reaction. The linear structure of CO2 molecules contributes to their pronounced chemical in-
ertness, primarily due to the symmetry-induced cancellation of dipole moments despite the
presence of polar C=O bonds. This linear geometry stabilizes the molecule thermodynami-
cally, as the two C=O bonds exhibit dissociation energies of approximately 750 kJ·mol−1.
Additionally, the large energy gap (13.7 eV) between the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO) creates a significant kinetic
barrier to electron transfer, necessitating substantial energy input for chemical transforma-
tions. In catalytic systems employing isolated atomic site catalysts (SACs), CO2 adsorption
typically occurs via either oxygen– or carbon–metal (O-M or C-M) interactions at the active
metal centers. However, the limited electron donating capacity and geometric constraints
of isolated atomic sites restrict the extent of CO2 activation. Consequently, SACs often
require elevated temperatures and pressures to achieve moderate reaction rates, further
reducing reaction efficiency and selectivity toward multi-carbon products.

Dual-site catalysts can demonstrate enhanced CO2 adsorption via coordination in-
volving both metallic dual atoms and support atoms, requiring lower activation energy
than the SAC to activate CO2 [62]. As shown in Table S1, by separately comparing the
adsorption energy of CO2 on the Pd and Nb sites of Pd-Nb@In2Se3 DACs (see Figure S2),
we conclude that the adsorption of CO2 on the Pd site had more negative adsorption
energy in both P↑ and P↓ configurations, which means the CO2 tends to adsorb on the Pd
site of Pd-Nb@In2Se3 DACs. The ∠OCO values of CO2 adsorbed on Pd-Nb@P↓-In2Se3

and Pd-Nb@P↑-In2Se3 were significantly reduced to 131.38◦ and 125.18◦ from an initial
value of 180◦, respectively. Based on the structural analysis, it could be stated that the
Pd-Nb@In2Se3 catalyst could effectively activate CO2 molecules. Moreover, according to
our previous report [56] that the ∠OCO values of CO2 adsorbed on Pd@P↓-In2Se3 and
Pd@P↑-In2Se3 were 149.2◦ and 151.2◦, respectively, it can be concluded that the synergistic
effect of a bimetallic atomic site causes a more obvious deformation of adsorbed CO2

molecules (17.82◦ and 26.02◦ for P↓ and P↑, respectively), indicating a higher activation
of CO2. The similar synergistic effects in the Pt-Ni@CeO2 bimetallic system were exten-
sively validated through comprehensive characterization and computational studies [62].
Temperature-programmed reduction (TPR) and desorption (TPD) analyses revealed that
Pt-Ni synergy significantly enhances the generation of reactive oxygen intermediates (e.g.,
surface peroxides and hydroxyl radicals) and strengthens metal–support interactions via
charge transfer mechanisms. These modifications collectively optimize CO2 chemisorption
capacity, as evidenced by the higher adsorption efficiency compared to the monometallic
counterparts (Pt@CeO2 and Ni@CeO2). Density functional theory (DFT) simulations fur-
ther demonstrated a 35–40% reduction in CO2 activation energy (Ea = 10.1 kcal mol−1 for
Pt-Ni@CeO2 vs. 32.9 and 36.5 kcal mol−1 for Ni@CeO2 and Pt@CeO2, respectively), which
is attributed to electronic structure modulation at Pt-Ni-CeO2 interfacial sites.

In order to explore the activation mechanism, we employed a charge density difference
calculation, which demonstrated that there is both a loss and gain of electrons on the
adsorbed CO2 molecule and the bimetallic atomic sites (see Figure 3a,b). This is because the
empty Pd/Nb d orbital can accept electrons from the highest occupied molecular orbitals
(1πg orbital) of the CO2 molecule, while the occupied Pd/Nb d orbital can back-donate
electrons to the lowest unoccupied molecular orbitals (2πu orbital) of the CO2 molecule
(see Figure 3c). The synergy of electron donation and backdonation-dependent d orbital
occupation ensures that CO2 can be efficiently activated [56].

109



Inorganics 2025, 13, 146

Figure 3. The charge differential density plots of CO2 adsorbed on (a) Pd-Nb@P↓-In2Se3 and (b) Pd-
Nb@P↑-In2Se. The charge accumulation is indicated by areas that are yellow. The charge depletion is
indicated by areas that are cyan. The value of the isosurface is 0.01 e Å−3. (c) Simplified schematic
diagrams of CO2 activation on transition metals.

As mentioned before, the CO2 adsorbed on Pd-Nb@P↑-In2Se3 (∠OCO = 125.18◦) had
a more obvious deformation than that absorbed on Pd-Nb@P↓-In2Se3 (∠OCO = 131.38◦),
which means Pd-Nb@P↑-In2Se3 has higher CO2 activation. In order to investigate the
reason for this, we calculated the Pd and Nb d orbitals in Pd-Nb@P↑-In2Se3 and Pd-Nb@P↓-
In2Se3 DACs, respectively. Then, based on the partial electronic orbitals (see Figure 4a),
we obtained the d band center of the Pd and Nb atoms for both kinds of Pd-Nb@In2Se3

DACs. As displayed in Figure 4b, both d band centers of the Pd (−2.09 eV) and Nb
(0.11 eV) atoms in Pd-Nb@P↑-In2Se3 were closer to the Fermi level than the ones of Pd
(−2.68 eV) and Nb (0.44 eV) atoms in Pd-Nb@P↓-In2Se3. And it has been reported that the
exceptional electrocatalytic performance of Co2 anchored graphdiyne in nitrogen fixation
originates from the presence of localized electronic states adjacent to the Fermi level, which
optimize charge transfer dynamics during the reaction [63]. Therefore, in the case of P↑, the
proximity of the d band center of Pd and Nb atoms to the Fermi level induces a high CO2

activation performance. Note that the different d band centers of bimetallic atomic sites in
Pd-Nb@In2Se3 under different polarization states implies that both the reaction path and
the limiting potential of the subsequent CO2 hydrogenation process may be affected by the
polarization switch.

2.3. eCO2RR on Pd-Nb@In2Se3 DACs

Considering the complexity of the CO2 reaction (see Figure S3), we have summa-
rized the minimum-energy reaction paths of the CO2RR over Pd-Nb@In2Se3 catalysts (see
Figure 5). The CO2RR pathways over Pd-Nb@In2Se3 catalysts exhibit stark polarization-
dependent selectivity, governed by the structural and electronic asymmetry induced by
the ferroelectric In2Se3 substrate’s polarization orientation (P↓ and P↑). The CO2 reduction
reaction begins with the adsorption of CO2 onto the Pd-Nb@P↓-In2Se3 catalyst surface,
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forming a CO2 intermediate (CO2 + * → CO2*). This adsorbed CO2 undergoes a proton-
coupled electron transfer (PCET) step, where one hydrogen atom binds to an O atom
(CO2* + H+ + e− → OCHO*), leading to the formation of an OCHO intermediate (bent
configuration with O–CH–O bonding). Subsequently, a second protonation occurs at the
adjacent oxygen atom (OCHO* + H+ + e− → HOCHO*), stabilizing the HOCHO inter-
mediate (adsorbed formate-like structure). Finally, the HOCHO intermediate desorbs
from the catalyst surface (HOCHO* → HOCHO + *), releasing formic acid (HOCHO) as
the end product. Due to the high energy barrier associated with stabilizing the second
protonation step, the rate-determining step (PDS) is identified as the transformation of
OCHO* → HOCHO*, requiring an applied potential of −0.45 V vs. RHE. In contrast, in
the CO2RR on a Pd-Nb@P↑-In2Se3 catalyst, the reaction course is significantly different
from that on Pd-Nb@P↓-In2Se3, which undergoes an alternative protonation pathway. The
first PCET step preferentially protonates the carbon atom, forming the OCOH intermediate
(CO2* + H+ + e− → OCOH*) (linear configuration with O–C–O–H bonding). Further reduc-
tion cleaves the C–O bond. A second protonation occurs at the hydroxyl group of OCOH
intermediate. The hydroxyl group binds a hydrogen ion to generate H2O and desorb
(OCOH* + H+ + e− → CO* + H2O), producing a CO intermediate adsorbed on the Pd site
of the catalyst. Sequential hydrogenation steps follow: CO* + H+ + e− → CHO* (formyl),
CHO* + H+ + e− → CH2O* (formaldehyde-like) and CH2O* + H+ + e− → CH2* + OH* via
C–O bond scission. The critical C–O bond scission step (CH2O* + H+ + e− → CH2* + OH*)
in the methane production pathway over the Pd-Nb@P↓-In2Se3 catalyst is driven by
the synergistic interplay between the Pd and Nb dual active sites. The CH2 interme-
diate absorbs the Pd site, and the OH intermediate absorbs the Nb site. CH2* un-
dergoes progressive hydrogenation (CH2* + OH* + H+ + e− → CH3* + OH*), followed
by a critical step where CH3 reacts with a co-adsorbed OH group to form CH3 and
H2O (CH3* + OH* + H+ + e− → CH3* + H2O*). Then, the H2O molecule desorbs from
the Nb site (CH3* + H2O* → CH3* + H2O). This step is identified as the PDS, with a
limiting potential of −0.66 V vs. RHE, reflecting the substantial energy required for H2O
dissociation. The final hydrogenation of CH3 yields methane (CH4) (CH3* + H+ + e− →
CH4*), which desorbs from the catalyst surface (CH4* → CH4 + *). Consequently, the Ul,
catalytic pathway, and the ultimate products during the eCO2RR, are governed by polar-
ization orientation and are adjustable via ferroelectric switching. Moreover, compared to
the Ul of Pd@In2Se3 SACs for the eCO2RR (−0.77 V under the P↓ state and −0.87 V under
the P↑ state) [56], each corresponding Pd-Nb@In2Se3 DAC for the eCO2RR has a smaller
Ul, indicating that the synergistic effect of the bimetallic atomic site could effectively lower
the eCO2RR barrier. According to the reduction reaction path of CH2O* → CH2* + OH*
→ CH3* + OH* → CH3*, we found that carbon-containing intermediates (e.g., CH*, CH2*)
tend to undergo hydrogenation reduction at Pd atomic sites, while oxygen-containing
intermediates (e.g., OH*) prefer to be hydrogenated and reduced into water at Nb atomic
sites (see Figure S4). Therefore, the synergistic effect of Nb-Pd dual-site metal atoms can
be described as such: Pd sites act as functional sites for carbon reduction, whereas Nb
sites serve as functional sites for oxygen removal. Notably, the Ul of Pd@In2Se3 SACs for
the eCO2RR (−0.45 V under the P↓ state and −0.66 V under the P↑ state) are markedly
superior to those of conventional eCO2RR catalysts, such as Cu (211) (−0.8 V) [64], Co@Cu
(−0.87 V) [65], and WC (0001) (−1.0 V) [66]. Since the equilibrium potential (E◦) for the
formation of HCOOH and CH4 from CO2, respectively, are −0.25 V vs. RHE and 0.17 V
vs. RHE at pH = 0 [67], the corresponding overpotentials are −0.2 V vs. RHE and −0.83 V
vs. RHE, which are lower than the ones of many eCO2RR electrocatalysts synthesized
experimentally, such as Pd2 (−0.85 V vs. RHE for generating CO) [68], NiCu-NC (−1.07 V
vs. RHE for generating CO) [69], FeNi-NSC (−1.0 V vs. RHE for generating CO) [70],
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Cu/Ni-NC (−0.9 V vs. RHE for generating CO) [71], and Cu-N2 (−0.84 V vs. RHE for
generating CH4) [72]. Therefore, the Pd-Nb@In2Se3 DAC is a promising candidate for a
tunable and efficient eCO2RR, particularly in achieving high selectivity for final products
through controlled polarization modulation.

Figure 4. (a) Pd d orbitals (in light red) from Pd-Nb@P↓-In2Se3 and Pd-Nb@P↑-In2Se3 DACs. Nb d
orbitals (in light blue) from Pd-Nb@P↓-In2Se3 and Pd-Nb@P↑-In2Se3 DACs. (b) The d band center of
Pd-Nb@In2Se3, with orange columns for Pd atoms and blue columns for Nb atoms.

2.4. Selectivity for HER vs. eCO2RR on Pd-Nb@In2Se3 DACs

The HER is a prevalent parasitic process in electrochemical systems. It poses a sig-
nificant challenge to the Faradaic efficiency of the eCO2RR by diverting critical proton
and electron resources from the electrolyte. This competition arises through the HER’s
multi-step mechanisms—Volmer adsorption, Heyrovsky/Tafel recombination, and H2

desorption—which operate synergistically to deplete reactive intermediates (H*) and im-
pose additional energy barriers for CO2 reduction pathways. Particularly in acidic media,
the HER’s thermodynamic favorability and low activation overpotential exacerbate its dom-
inance over the eCO2RR, resulting in difficulty in achieving an efficiency of the eCO2RR
that meets the needs of industrial production [73,74]. To check if the eCO2RR is more favor-
able, we calculated the Gibbs free energy changes (ΔG) at the first hydrogenation step of
the eCO2RR (* + CO2 → CO2*) and the HER (* + H+ + e− → H*). As displayed in Figure 6,
on the Pd-Nb@P↓-In2Se3 DAC, the ΔG for the formation of H* is 0.61 eV, while that of CO2*
is −0.22 eV. As for the case of the Pd-Nb@P↑-In2Se3 DAC, the ΔG for the formation of H* is
−0.11 eV, while that of CO2* is −1.04 eV. According to the Brønsted–Evans–Polanyi relation,
reactions with lower ΔG have smaller reaction barriers and consequently are kinetically
more favorable. The Gibbs free energy changes indicate that the Pd-Nb@In2Se3 DACs
have a higher selectivity toward the CO2RR, instead of the HER. These results demonstrate
the feasibility of using Pd-Nb@In2Se3 catalysts as cathodes for the eCO2RR with a high
Faradaic efficiency.
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Figure 5. The free-energy profile for the eCO2RR along the minimum energy path at 0 V (vs. RHE).
Energy-minimized structural arrangements of transient species are displayed in the supplementary
panels. Gold-shaded region delineates the catalytic process occurring on the Pd-Nb@P↓-In2Se3 DAC,
while the cyan-tinted zone corresponds to the electrochemical transformation happening on the
Pd-Nb@P↑-In2Se3 DAC. * stands for the adsorption site at the surface of catalyst.

Figure 6. The blue bar indicates the H* formation reaction energy barrier of the optimal active site
in the catalyst, and the purple bar indicates the CO2 adsorption reaction energy barrier. A negative
reaction barrier indicates a spontaneous exothermic reaction. * stands for the adsorption site at the
surface of catalyst.
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3. Methods

All density functional theory (DFT) calculations were performed using the Vienna Ab
Initio Simulation Package (VASP) (Hanger team, University of Vienna, version 5.3) [75,76].
The calculations were based on the electron exchange correlation of the PBE generalized
function calculation under the generalized gradient approximation (GGA) [77–79]. The van
der Waals (vdW) interactions were described by applying Grimme’s DFT-D3 method [80],
with the colinear spin turned off, the truncation energy set to 500 eV, and the convergence
thresholds for force and total energy set to 10−2 eV/Å and 10−5 eV. The catalytic system
was constructed by distributing one Pd atom and one Nb atom on adjacent hexagonal
hollow sites of an 4 × 4 α-In2Se3 supercell. For the sampling of the dimensional Brillouin
zone, 1 × 1 × 1 gamma-centered Monkhorst-pack k-mesh was chosen for performing
structural relaxation and frequency calculations. To minimize periodic image interactions,
a vacuum layer exceeding 20 Å was introduced along the non-periodic direction. For
Gibbs free energy calculations of the eCO2RR, solvent effects were accounted for by using
the implicit water model in VASPsol (version 5.3) [55,81]. Charge transfer analysis was
performed using the Bader charge partitioning method.

The binding energy for the Nb-Pd dual-atom pair (Eb-(Nb-Pd)) added onto the substrate
was calculated using the following equation [63,82]:

Eb-(Nb-Pd) = Etot − Esub − ENb − EPd (1)

where Esub and Etot are the total energies of the substrate without and with the added
Nb-Pd dual-atom pair, respectively. ENb and EPd are the total energy of the isolated Nb
and Pd atoms.

The charge density difference (Δρ) for the CO2 molecule adsorbed on Pd-Nb@P↓-
In2Se3 and Pd-Nb@P↑-In2Se3 was calculated using the following equation:

Δρ = ρCO2-Pd-Nb-sub − ρCO2 − ρPd-Nb-sub (2)

where ρCO2-Pd-Nb-sub and ρPd-Nb-sub are the charge density of Pd-Nb@In2Se3 with and with-
out CO2 molecules, respectively. ρCO2 is the charge density of the CO2 molecule.

In order to obtain the individual orbital components, we employed a code named
“splitdos.dos” to process the output file of density of states (DOS). The average d band (d
band center) shifts were calculated for the surface metal atoms for both the total d partial
DOS and the orbital-resolved d partial DOS. The d band center (εd) was calculated as [83]

εd =

∫
nd(ε)εds∫
nd(ε)dε

(3)

where ε is the electronic energy of states, and nd(ε) is the electronic density of states.

4. Conclusions

Our study presents a theoretical investigation of a novel Pd-Nb@In2Se3 DAC for
the eCO2RR, leveraging DFT calculations to elucidate its structural, electronic, and cat-
alytic properties. The Pd-Nb@In2Se3 system, anchored on a ferroelectric α-In2Se3 mono-
layer, combines Nb and Pd single atoms to exploit synergistic interactions, while the
substrate’s switchable polarization enables dynamic control over catalytic activity and
selectivity. Structural analyses confirm the stability of Pd-Nb@In2Se3, with binding en-
ergies of −15.69 eV/unit (P↓ polarization) and −12.27 eV/unit (P↑ polarization) and ab
initio molecular dynamics simulations demonstrating thermal stability at 1000 K. The CO2

adsorption studies revealed enhanced activation on Pd sites, where the linear CO2 molecule
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bends significantly, which is attributed to electron donation/backdonation between CO2

π orbitals and the Pd/Nb d orbitals. The d band centers of Pd and Nb atoms, which are
closer to the Fermi level in the P↑ configuration, correlate with stronger CO2 activation,
emphasizing the role of electronic structure in catalytic performance. Reaction pathway
analyses showed polarization-dependent product selectivity. The P↓ polarization favors
formic acid production via a Ul of −0.45 V vs. RHE, while the P↑ polarization directs the
reaction toward methane with a Ul of −0.66 V vs. RHE. The dual-site mechanism involves
Pd atoms driving carbon reduction and Nb atoms facilitating oxygen removal, synergisti-
cally lowering energy barriers compared to their SAC counterparts. Additionally, Gibbs
free energy calculations indicate superior selectivity for the CO2RR over the HER, with
CO2 adsorption energies significantly more favorable than H* formation. The ferroelec-
tric substrate’s polarization switching dynamically modulates metal–support interactions,
adjusting d orbital occupancy and intermediate binding strengths, thereby controlling
reaction pathways and product outcomes. This work not only advances the understanding
of dual-metal catalysis and polarization–catalysis coupling but also provides a strategy to
design tunable electrocatalysts for sustainable energy conversion and CO2 utilization.
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T = 298.15 K), total energy (E), and the Gibbs free energy (G) of molecules and adsorbates along the re-
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Figure S3: The search process for the minimum energy reaction pathways of the CO2 reduction
reactions on Pd-Nb@In2Se3; Figure S4: Three configurations on the optimal CO2RR reduction path of
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Abstract: Given the high cost and limited availability of noble-metal-based catalysts in
acidic media water electrolysis, developing cost-effective and high-performance non-noble
metal catalysts is crucial for realizing large-scale hydrogen production. In this study, Fe-,
Co-, and Ni-doped MoSe2 nanomaterials were synthesized via chemical vapor deposi-
tion, and their electrocatalytic performance for the hydrogen evolution reaction (HER)
was systematically evaluated. Characterization techniques including X-ray diffraction,
X-ray photoelectron spectroscopy, transmission electron microscopy, scanning electron
microscopy, and Raman spectroscopy were used to confirm the incorporation of doping
elements and investigate their effects on the crystal structure and morphology of MoSe2.
Electrochemical tests, including linear sweep voltammetry and cyclic voltammetry, re-
vealed that the doping of Fe, Co, and Ni significantly enhanced the HER catalytic activity
of MoSe2, with the Co-doped sample exhibiting the best performance, showing an overpo-
tential of 0.293 V at 100 mA/cm−2 and a Tafel slope of 47 mV/dec. Furthermore, density
functional theory calculations were employed to analyze the adsorption energy of hydro-
gen atoms on the catalysts, providing deeper insights into the role of doping in tuning the
catalytic activity of MoSe2. This study offers new theoretical support and experimental
evidence for the application of transition metal-doped MoSe2 in electrocatalysis.

Keywords: MoSe2; chemical vapor deposition; doping; electrocatalysis; hydrogen
evolution reaction

1. Introduction

With the rapid advancement of renewable energy technologies, water electrolysis
has garnered considerable attention as a clean and sustainable approach to hydrogen
production [1–4]. In particular, acidic water splitting offers simplicity in operations and
high efficiency, making it promising for large-scale hydrogen generation. Currently, noble
metals (e.g., platinum) exhibit the best catalytic performance in acidic media, but their
high cost and limited availability impede widespread application [5–7]. Therefore, the
development of cost-effective, high-performance non-noble metal electrocatalysts is crucial
to advancing hydrogen energy technologies.

In this context, two-dimensional transition metal dichalcogenides (TMDs) have
emerged as a major focus of electrocatalytic research, owing to their tunable band gaps,
abundant active sites, and distinctive layered structures [8–10]. Among them, molybde-
num diselenide (MoSe2) has demonstrated promising theoretical catalytic activity due
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to its layered structure and moderate hydrogen adsorption free energy [11]. However,
the low intrinsic electrical conductivity of MoSe2 severely limits its practical applications
in electrocatalysis.

Recent advances demonstrate that transition metal doping can effectively tailor
TMD’s electronic configuration through synergistic lattice strain and charge redistribution
effects [12–23]. For instance, theoretical studies by Chen et al. have predicted that Fe
doping enhances MoSe2’s metallic character by shifting the d-band center, while cobalt
incorporation has been shown to optimize hydrogen adsorption kinetics on selenium va-
cancies [19]. Liu et al. computationally confirmed that Co doping optimizes the hydrogen
adsorption energy (ΔGH* ≈ 0.08 eV) of MoSe2 [20]. Currently, there is a lack of experi-
mental studies systematically comparing catalytic performance among different doped
MoSe2 materials.

This study aims to synthesize Fe-, Co-, and Ni-doped MoSe2 using the chemical vapor
deposition (CVD) method and systematically compare their electrocatalytic performance
in a hydrogen evolution reaction (HER) through a combination of experimental characteri-
zation and theoretical calculations. Their structure and electronic properties were studied
using techniques such as X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS),
transmission electron microscopy (TEM), and Raman spectroscopy. In addition, density
functional theory calculations are used to gain insight into the effects of doping on the
hydrogen adsorption behavior and catalytic reaction pathways. This study not only eluci-
dates the mechanism of transition metal doping to improve the catalytic performance of
MoSe2, but also provides important theoretical and experimental guidance for the design
and optimization of novel HER electrocatalysts.

2. Results and Discussion

2.1. Morphology and Structure Analysis

Scanning electron microscopy (SEM) was used to systematically characterize the
surface morphology of MoSe2 and its Fe-, Co-, and Ni-doped variants. As shown in
Figure 1a, undoped MoSe2 exhibits a petal-like lamellar structure with interlaced layers,
creating numerous edges and pores. In Figure 1b, Fe-doped MoSe2 reveals a denser
lamellar arrangement, accompanied by additional nanometer-scale protrusions and defects.
Compared to the Fe-doped sample, Co-doped MoSe2 (Figure 1c) displays larger grain
sizes and a granular appearance, whereas Ni-doped MoSe2 (Figure 1d) exhibits a similar
granular structure to the Co-doped sample, but with smoother surfaces and a more uniform
particle distribution. These findings suggest that introducing Fe, Co, or Ni significantly
impacts the original petal-like layers of MoSe2, producing denser and more regular lamellar
or granular features. The film thicknesses of the pristine and doped MoSe2 sample are
about 1–2 μm.

Figure 2 provides a detailed analysis of the microstructure of MoSe2 and its doped
variants using high-resolution TEM (HRTEM), Selected area electron diffraction (SAED),
and STEM-HAADF. Figure 2a,b show the HRTEM images of undoped MoSe2, displaying
clear lattice fringes with a lattice spacing of approximately 0.28 nm, corresponding to the
(100) plane of MoSe2. The Fast Fourier Transform (FFT) images within the red box further
confirm the single-crystal nature of MoSe2. Figure 2c presents the SAED pattern of MoSe2,
displaying a set of hexagonally arranged diffraction spots, indicating the presence of a
well-ordered single-crystal structure. Figure 2d shows the STEM-HAADF image and its
elemental distribution map of MoSe2, demonstrating that Mo and Se are evenly distributed
throughout the sample, confirming the uniformity of the MoSe2 structure.
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Figure 1. SEM images of (a) MoSe2, (b) Fe-MoSe2, (c) Co-MoSe2, and (d) Ni-MoSe2.

Figure 2e,f depict the HRTEM images of Fe-doped MoSe2, with lattice spacings of
0.28 nm (corresponding to the MoSe2 (100) plane) and 0.26 nm (corresponding to the MoSe2

(102) plane). Figure 2g shows the corresponding SAED pattern, with diffraction spots
arranged in a hexagonal pattern, confirming that the sample retains its single-crystal char-
acteristics. Figure 2h presents the STEM-HAADF image and elemental distribution map of
Fe-doped MoSe2, where Fe is uniformly distributed within MoSe2 without observable aggre-
gation, suggesting that Fe has been successfully incorporated into MoSe2 and may introduce
additional defects and active sites, which could enhance its electrocatalytic performance.

Figure 2i,j show the HRTEM images of Co-doped MoSe2, with lattice fringe spacings
similar to those of the Fe-doped samples. The FFT images indicate that the single-crystal
structure of MoSe2 remains intact after Co incorporation. Figure 2k shows the SAED pattern
of Co-doped MoSe2, suggesting that Co doping does not significantly alter the single-crystal
structure of MoSe2. Figure 2l shows the STEM-HAADF image and elemental distribution
map of Co-doped MoSe2, where Co is evenly distributed, which may further increase the
number of catalytic active sites, thereby enhancing the electrocatalytic performance.

Figure 2m,n depict the HRTEM images of Ni-doped MoSe2, exhibiting lattice fringes
similar to those of the Fe and Co-doped samples, indicating that the crystal structure of
MoSe2 remains largely unchanged after Ni doping. The FFT image is basically unchanged.
Figure 2o shows the SAED pattern of Ni-doped MoSe2, with regular diffraction spots,
further confirming that the single-crystal structure of MoSe2 is preserved after Ni doping.
Figure 2p presents the STEM-HAADF image and elemental distribution map of Ni-doped
MoSe2, where Ni is uniformly distributed, providing additional active sites that may
enhance its electrocatalytic performance.
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Figure 2. (a,b) HRTEM images of MoSe2, with the corresponding FFT in the red box. (c) SAED
pattern of MoSe2. (d) STEM-HAADF image and EDS elemental mapping of Mo and Se. (e,f) HRTEM
images of Fe-MoSe2, with the insets showing the corresponding FFT patterns. (g) SAED pattern of
Fe-MoSe2. (h) STEM-HAADF image and EDS elemental mapping of Mo, Se, and Fe. (i,j) HRTEM
images of Co-MoSe2, with the insets showing the corresponding FFT patterns. (k) SAED pattern of
Co-MoSe2. (l) STEM-HAADF image and EDS elemental mapping of Mo, Se, and Co. (m,n) HRTEM
images of Ni-MoSe2, with the insets showing the corresponding FFT patterns. (o) SAED pattern of
Ni-MoSe2. (p) STEM-HAADF image and EDS elemental mapping of Mo, Se, and Ni.

2.2. Component Analysis

XPS analysis was conducted for Fe-doped MoSe2. As shown in Figure 3a, the XPS
analysis of Fe reveals that the Fe 2p spectrum exhibits remarkable splitting characteristics.
The Fe 2p3/2 peak presents two main peaks at approximately 710.5 eV and 713.2 eV. The
peaks are at approximately 723.9 eV and 727.0 eV in the Fe 2p1/2 spectrum. The XPS
spectrum of Fe 2p3/2 and Fe 2p1/2 at 710.5 eV and 723.9 eV correspond to the Fe2+ state,
and the XPS spectrum of Fe 2p3/2 and Fe 2p1/2 at 713.2 eV and 727.0 eV correspond to the
Fe3+ state. Moreover, the shake-up satellite peaks near approximately 718 eV and 733 eV,
typical features of Fe3+, further confirm the presence of Fe3+ in the sample. Collectively, Fe
in the sample primarily appears in the Fe2+ state, with a lesser fraction of Fe3+, resulting in
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a mixed valence environment. This valence state distribution is attributed to the partial
cleavage of Fe-Se bonds during the preparation process, leading to the oxidation of Fe
atoms, which is highly likely to have a significant impact on the electrochemical and
catalytic properties of the sample.

Figure 3. XPS spectra of Fe-MoSe2 showing the signals of (a) Fe 2p, (b) Mo 3d, and (c) Se 3d. XPS
spectra of Co-MoSe2 showing the signals of (d) Co 2p, (e) Mo 3d, and (f) Se 3d. XPS spectra of
Ni-MoSe2 showing the signals of (g) Ni 2p, (h) Mo 3d, and (i) Se 3d.

As depicted in Figure 3d, analysis of the Co XPS spectrum shows that both the Co
2p3/2 and Co 2p1/2 peaks are split. The Co 2p3/2 peaks at approximately 781.0 eV and
782.7 eV, as well as the Co 2p1/2 peaks at approximately 797.0 eV and 798.5 eV, correspond
to Co2+ and Co3+, respectively. Meanwhile, the typical Co2+ shake-up satellite peaks near
approximately 786.5 eV and 803.0 eV indicate that Co in the sample mainly exists in a mixed
valence state of Co2+ and Co3+, with Co2+ being dominant. This strongly demonstrates
that Co has been successfully incorporated into the MoSe2 lattice to form Co-Se bonds,
a structure that plays a crucial role in maintaining material stability and regulating its
electronic properties.

As shown in Figure 3g, regarding the XPS analysis of Ni, the splitting features of the
Ni 2p3/2 and Ni 2p1/2 peaks indicate that the Ni 2p3/2 peaks at approximately 854.0 eV and
855.5 eV, along with the Ni 2p1/2 peaks at approximately 872.0 eV and 874.2 eV, correspond
to Ni2+ and Ni3+, respectively. The shake-up satellite peaks at 861.7 eV and 879.5 eV are
consistent with the coordination environment of Ni2+. The Ni in the sample mainly exists
in a mixed valence state of Ni3+ and Ni2+, and Ni3+ is the main one. This implies that the
partial oxidation of Ni occurred during the preparation process, accompanied by changes
in the Ni-Se structure, which may significantly influence the electrochemical and catalytic
properties of the sample.
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Notably, as illustrated in Figure 3b,e,h for Mo 3d and Figure 3c,f,i for Se 3d, the XPS
spectra of Mo 3d and Se 3d show that, regardless of Fe, Co, or Ni doping, the Mo 3d5/2

peak remains at 229.5 eV, the Mo 3d3/2 peak at 232.5 eV, and the Se 3d5/2 and Se 3d3/2

peaks at 54.5 eV and 55.5 eV, respectively. This clearly indicates that the doping process has
a minimal effect on the chemical states of Mo and Se, and that the Mo-Se skeleton structure
of MoSe2 remains highly stable. Additionally, quantitative analysis results show that the
contents of Fe, Co, and Ni are 9.01%, 5.44%, and 2.24%, respectively, further confirming the
successful implementation of the doping process.

2.3. Optical and Crystal Structure Analysis

Additionally, the Raman scattering spectra and XRD patterns of both doped and
undoped MoSe2 provide insights into the effects of doping on the material’s structure and
vibrational modes.

Figure 4a shows the Raman spectra of Fe/Co/Ni-MoSe2 and MoSe2. Undoped MoSe2

exhibits two main Raman active peaks at approximately 238 cm−1 (E2g) and 285 cm−1

(A1g), corresponding to the interlayer vibrational mode (E2g) and the in-plane vibrational
mode (A1g) of MoSe2. These peaks indicate the well-defined layered structure of MoSe2.
For the Fe-, Co-, and Ni-doped MoSe2 samples, the shapes and positions of the E2g and A1g

peaks undergo slight shifts towards lower frequencies, suggesting that doping has caused
minor changes in the lattice. Particularly, Co-doped MoSe2 shows a slight splitting of the
E2g peak, possibly due to lattice stress and distortion after Co incorporation. This splitting
may result from local lattice deformation or dislocation introduced by Co, leading to subtle
changes in the vibrational modes. Fe- and Ni-doped samples show similar peak shifts, but
no obvious splitting like the Co-doped sample, indicating that Fe and Ni doping have a
relatively smaller effect on the lattice.

Figure 4. (a) Raman scattering spectra and (b) XRD patterns of Fe/Co/Ni-MoSe2 and MoSe2.

The crystal structures of pristine and M-doped MoSe2 were investigated using XRD,
as shown in Figure 4b. All samples exhibit dominant diffraction peaks corresponding to
the hexagonal 2H-MoSe2 phase (JCPDS No.29-0914), including the characteristic (002) peak
at ~13.7◦ (interlayer stacking), (100) peak at ~31.4◦, and (110) peak at ~55.9◦, confirming
the retention of the layered structure after doping.

The sharp (002) peak with a full width at half maximum (FWHM) of ~0.3◦ correlates
with the vertically aligned nanosheet morphology observed in SEM (Figure 1a–d). For
the Fe-doped sample, the peaks at 32.5◦ and 43.4◦ are assigned to Fe7Se8, while for the
Co-doped sample, the peaks at 34.4◦ and 51.9◦ correspond to CoSe2, and the peak at 45.7◦

is attributed to elemental Se. These results indicate that partial selenization of the metal
dopants occurred during the reaction process. The broad peaks near 25◦ and 43◦ originate
from the glassy carbon substrate, as verified by control experiments (Figure S1 of the
Supplementary Materials).
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2.4. Electrochemical Characterization

The electrocatalytic performance of MoSe2, glassy carbon (GC), Pt/C, and Fe-/Co-
/Ni-doped MoSe2 catalysts was evaluated through polarization curves, Tafel slopes, and
double-layer capacitance (Cdl) calculations. As shown in Figure 5a, in 0.5 M H2SO4

solution, the polarization curves clearly show the HER activity of each catalyst: When the
current density reaches 100 mA/cm2, Pt/C has the lowest overpotential (only requiring
approximately −0.149 V), serving as a benchmark to exhibit excellent HER activity. Pure
MoSe2 requires approximately −0.5 V, while Fe-MoSe2 (−0.367 V), Co-MoSe2 (−0.293 V),
and Ni-MoSe2 (−0.401 V) show significantly reduced overpotentials compared with pure
MoSe2. Among them, Co-MoSe2 has the most obvious reduction, indicating that doping
elements effectively improve the electrocatalytic performance of MoSe2. The GC electrode
has extremely weak catalytic performance due to its high overpotential of −1.424 V (Figure
S2 of the Supplementary Materials). The overpotential of the Co-MoSe2 at 100 mA/cm2 is
smaller than that of the previously reported Ni-MoSe2 catalyst [24]. Combined with the
Tafel slopes in Figure 5b, Pt/C has the smallest slope (fastest charge transfer). Co-MoSe2

has a Tafel slope of 47 mV/dec (close to Pt/C), Ni-MoSe2 shows 110 mV/dec, and Fe-
MoSe2 shows 75 mV/dec—all lower than pure MoSe2 (172 mV/dec), further indicating
that doping optimizes the catalytic reaction kinetics. Additionally, to systematically explore
the catalytic enhancement effects of Fe, Co, and Ni doping on MoSe2, FeSe2, CoSe2, and
NiSe2 were synthesized in this study. Their electrocatalytic performance was evaluated
via LSV. The results showed that the performance of these selenides was lower than that
of pure MoSe2, thus ruling out the interference of selenides themselves on the catalytic
performance. More details can be found in Figure S3 of the Supplementary Materials.

Figure 5. (a) Polarization curves of MoSe2, Pt/C, and Fe/Co/Ni-MoSe2 catalysts. (b) Calculated
Tafel slopes. Testing was performed in 0.5 M H2SO4 with a scan rate of 50 mV/s. (c) Cdl of MoSe2

and Fe/Co/Ni-MoSe2.

To thoroughly assess the electrochemical catalytic performance of our electrocatalysts
and enable meaningful comparison with previous studies, we have compiled the catalytic
properties of various MoX2-based catalysts in Table 1. Comparative analysis reveals that the
Co-doped MoSe2 catalyst in this work demonstrates superior electrocatalytic performance,
as manifested by its reduced overpotential and lower Tafel slope relative to other catalysts.
For example, the reported Ni0.15Mo0.85Se2 catalyst requires an overpotential of 0.32 V to
reach 90 mA/cm2 [25], whereas our Co-doped MoSe2 catalyst achieves a higher current
density of 100 mA/cm2 at a lower overpotential of 0.29 V. The Co-doped MoSe2 catalyst
also shows better performance than MoSe2 decorated with Co and Ni nanoparticles [26]
and Fe-, Co-, and Ni-doped MoS2 [27]. While the Tafel slopes of Fe-, Co-, or Ni-doped
MoS2 typically range from 66 to 94 mV/dec, our Co-doped MoSe2 exhibits a significantly
lower Tafel slope of 47 mV/dec, indicating enhanced reaction kinetics. Compared with the
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graphene/MoSe2 composites reported previously [28], the Co-doped MoSe2 catalyst also
exhibits a lower Tafel slope (80 vs. 47 mV/dec).

Table 1. The electrochemical catalytic performance of MoX2-based catalysts.

Electrocatalyst Electrolyte
Current Density

(mA cm−2)
Overpotential (mV)

Tafel Slope
(mV dev−1)

Co-MoSe2 (this work) 0.5 M H2SO4 100 293 47

Fe-MoSe2 (this work) 0.5 M H2SO4 100 367 75

Ni-MoSe2 (this work) 0.5 M H2SO4 100 401 110

Ni-MoSe2 [24] 1.0 M KOH 50 455 96

MoSe2/carbon cloth [29] 0.5 M H2SO4
21 250

7660 300

Ni0.15Mo0.85Se2 [25] 0.5 M H2SO4
10 180

6790 ~320

MoSe2@Co [26] 1 M KOH 10 391 109

MoSe2@Ni [26] 1 M KOH 10 367 227

MoSe2@CoNi [26] 1 M KOH 10 378 170

graphene/MoSe2 [28] 0.5 M H2SO4 100 ~210 80

Ni-MoS2 [27] 0.5 M H2SO4
10 302

6635 ~360

Co-MoS2 [27] 0.5 M H2SO4
10 350

6935 ~550

Fe-MoS2 [27] 0.5 M H2SO4
10 490

9435 ~700

Furthermore, this study analyzed the electrochemical active surface areas (ECSAs) of
the catalysts. The ECSA was evaluated by Cdl using cyclic voltammetry (CV) at various
scan rates in the potential range from 0 to 0.2 V versus RHE (Figure S4 of the Supplementary
Materials). Typically, the ECSA is directly proportional to the Cdl of the electrode, expressed
as ECSA = Cdl/Cs, where Cs represents the specific capacitance of the catalysts per unit
area under identical electrolyte conditions. The specific capacitance typically falls within a
reported range of 0.015–0.110 mF/cm2 in acidic solutions. The general specific capacitance
of 0.035 mF/cm2 was used to estimate the ECSA in this work [30]. In Figure 5c, the ECSA
values of Fe-/Co-/Ni-doped MoSe2 are 77.14, 70.86, and 81.43 cm2 respectively, slightly
lower than that of pure MoSe2 (120.9 cm2). Consequently, while the ECSA is an important
parameter for understanding electrocatalytic behavior, it may not be the predominant factor
governing the enhanced HER performance of Fe-/Co-/Ni-doped MoSe2.

2.5. Theoretical Calculation

To gain deeper insights into the active sites of Fe-, Co-, and Ni-doped MoSe2 (M-
MoSe2) in the HER, we performed density functional theory (DFT) calculations on Fe-
MoSe2, Co-MoSe2, Ni-MoSe2, and pristine MoSe2. The catalytic activity was evaluated
using the ΔGH, which reflects the hydrogen adsorption capability on the material surface.
An effective HER catalyst typically exhibits a ΔGH value close to zero, indicating moderate
hydrogen adsorption strength that facilitates efficient HER. A ΔGH that is too positive
(weak adsorption) or too negative (strong adsorption) would hinder the reaction. Thus, the
ideal HER catalyst should have ΔGH ≈ 0 eV.
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In this study, we analyzed multiple potential hydrogen adsorption sites on M-MoSe2,
including basal plane Se sites (plane Se), metallic edge Mo sites (edge Mo), and non-
metallic edge M/Se sites (edge M/edge Se). For comparison, we also calculated hydrogen
adsorption on pristine MoSe2 at basal plane Se sites (plane Se), metallic edge Mo sites (edge
Mo), and non-metallic edge Se sites (edge Se). The optimized structure is shown in Figure 6,
and the calculated ΔG value is shown in Figure 7.

Figure 6. DFT-optimized structures showing H atom adsorption on different positions of (a) MoSe2,
(b) Fe-MoSe2, (c) Co-MoSe2, and (d) Ni-MoSe2.

Figure 7. The calculated ΔG for H atom adsorption on different positions of (a) MoSe2, (b) Fe-MoSe2,
(c) Co-MoSe2, and (d) Ni-MoSe2.
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For pristine MoSe2, the ΔG values for hydrogen adsorption at basal plane Se sites,
metallic edge Mo sites, and non-metallic edge Se sites are 1.18, −0.44, and −0.69 eV,
respectively. Upon Fe doping, the ΔG value at basal plane Se sites decreases to 0.78 eV,
while the metallic edge Mo sites show a ΔG of −0.37 eV; notably, the edge Fe site exhibits
a significantly lower ΔG of −0.12 eV, and the adjacent edge Se site is −0.43 eV. With Co
doping, the ΔG at basal plane Se sites is further reduced to 0.66 eV, the metallic edge
Mo site remains at −0.37 eV, and the edge Co site approaches a near-ideal ΔG of 0.04 eV,
with adjacent edge Se sites at 0.56 eV. In the Ni-doped sample, the ΔG values are 0.57 eV
(basal plane Se), −0.39 eV (metallic edge Mo), and 0.19 eV (edge Ni), while the adjacent
edge Se sites near Ni exhibit a ΔG of 0.64 eV. Overall, these findings suggest that doping
MoSe2 with transition metals can optimize hydrogen adsorption and thus improve its
electrocatalytic performance.

3. Experimental

3.1. Sample Preparation

Fe-, Co-, and Ni-doped MoSe2 were synthesized using the chemical vapor deposition
method (Figure 8a). Initially, a 1 cm × 1 cm GC was sonicated in distilled water and ethanol
for 10 min each to remove surface impurities. The precursor solution was prepared as
follows: (NH4)6Mo7O24·4H2O was dissolved in 1 mL of water to obtain a 0.0121 mol/L
solution, which contained approximately 8.16 mg Mo per mL. For doping purposes, FeCl2
(0.146 mol/L, ~8.16 mg Fe/mL), CoCl2·6H2O (0.139 mol/L, ~8.16 mg Co/mL), and NiCl2
(0.139 mol/L, ~8.16 mg Ni/mL) were each dissolved in 1 mL of deionized water. Approxi-
mately 4–5 drops (equivalent to ~0.200–0.250 mL) of the precursor solution were uniformly
drop-cast onto the surface of a pre-cleaned 1 cm × 1 cm GC, forming a full surface coverage.
The sample was then dried at 60 ◦C for 1 h.

Figure 8. (a) Schematic diagram of the preparation process for Fe-doped MoSe2. (b) Schematic
diagram of the CVD system used to synthesize transition metal-doped MoSe2 nanosheets.

The dried GC substrate was placed on the right side of a tube furnace, with 75 mg of
Se powder placed in a porcelain boat on the left side as the Se source (Figure 8b). During
the experiment, the temperatures on both sides were raised simultaneously, with the left
side reaching 500 ◦C and the right side reaching 800 ◦C over a 40 min heating period. Ar
gas was introduced at a flow rate of 100 sccm. Once the target temperatures were reached,
the samples were kept at these temperatures for 15 min, while the atmosphere was adjusted
to a 100 sccm Ar/H2 gas mixture (9:1). Afterward, the heating system was turned off, and
the samples were allowed to cool naturally to room temperature, yielding Fe-, Co-, and
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Ni-doped MoSe2 nanomaterials. To evaluate the impact of doping on the electrocatalytic
performance of MoSe2, undoped MoSe2 was synthesized under the same conditions and
compared with the doped samples.

3.2. Characterization Methods

Various techniques were employed to systematically analyze the materials. A Hitachi
SU-8010 scanning electron microscope (manufactured by Hitachi High-Tech Corporation,
Tokyo, Japan) was used to examine the surface morphology, while a JEOL F200 trans-
mission electron microscope (200 kV, equipped with an Oxford X-MaxN 80T IE250 EDS;
manufactured by JEOL Ltd., Tokyo, Japan) utilized DigitalMicrograph 3.5 software for
image processing and data analysis, providing insights into the microstructure and lattice
fringes. The crystal structure was assessed via X-ray diffraction using Cu Kα radiation
(λ = 1.5406 Å) with a Shimadzu XRD-7000 X-ray diffractometer (manufactured by Shi-
madzu Corporation, Kyoto, Japan), and the data was processed with Origin 2022 software.
The Raman spectra were acquired on a Horiba Xplora spectrometer (manufactured by
Horiba Scientific, Kyoto, Japan) with a 532 nm laser source, and the spectral data was
analyzed using LabSpec 6.3 software. Furthermore, X-ray photoelectron spectroscopy was
performed on a Thermo Scientific K-Alpha instrument (manufactured by Thermo Fisher
Scientific Inc., Waltham, MA, USA), and the elemental composition and chemical states of
the samples were determined through Avantage 5.9 software.

3.3. Electrochemical Measurements

Electrochemical tests were performed using a CHI660E electrochemical work station
(manufactured by Shanghai Chenhua Instrument Co., Ltd., Shanghai, China). GC elec-
trodes loaded with Fe-, Co-, and Ni-doped MoSe2 catalysts were used as the working
electrodes, with Ag/AgCl and Pt electrodes serving as the reference and counter electrodes,
respectively. All potentials were referenced to the reversible hydrogen electrode (RHE),
calculated using the following formula: ERHE = E(Ag/AgCl) + 0.059 pH + 0.197 V. LSV was
carried out in a 0.5 M H2SO4 solution at a scan rate of 50 mV/s, with a 95% ohmic drop (IR)
correction applied to all results. The Tafel slope, derived from the LSV curves, was used
to evaluate the electrocatalytic reaction kinetics. Additionally, CV was performed in the
potential range of 0–0.2 V vs. RHE at various scan rates (20–200 mV/s) to determine the
double-layer capacitance.

3.4. Computational Details

First-principle calculations based on DFT were performed using the Vienna Ab initio
Simulation Package (VASP) [31–33]. The exchange–correlation interactions were described
by the Perdew–Burke–Ernzerhof (PBE) [34] functional within the generalized gradient
approximation (GGA). For structural optimization, the energy change, maximum force, and
maximum displacement convergence criteria were set to 2.0 × 10−5 Ha, 0.004 Ha Å−1, and
0.005 Å, respectively. A 3 × 3 × 1 k-point grid based on the Monkhorst–Pack scheme was
used for Brillouin zone integration. The plane wave cutoff energy in VASP was set to 400 eV,
and spin polarization effects were included in all calculations. Structural optimizations
continued until the residual forces on each atom were reduced to less than 0.01 eV/Å.

To evaluate the catalytic activity of Fe-/Co-/Ni-doped MoSe2 for the HER, we calcu-
lated the hydrogen adsorption energy (ΔEH) at different active sites, defined as follows:

ΔEH = EA − EP − 0.5EH2
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where EA represents the energy of the catalyst with a single hydrogen atom adsorbed, EP

is the energy of the pristine catalyst, and EH2 is the energy of a hydrogen molecule in the
gas phase.

To further assess the hydrogen adsorption thermodynamics, we incorporated zero-
point energy (ΔEZPE) and entropy (ΔS) corrections to determine the Gibbs free energy of
hydrogen adsorption (ΔGH), calculated as follows:

ΔGH = ΔEH + ΔEZPE − TΔS

where T is the temperature (set to 298.15 K). These calculations provide insights into how
Fe, Co, and Ni doping influence the hydrogen adsorption properties of MoSe2, potentially
enhancing its catalytic performance for HER.

4. Conclusions

We successfully synthesized Fe-, Co-, and Ni-doped MoSe2 via CVD and system-
atically investigated their morphology, structure, and electrocatalytic performance. The
results demonstrate that doping elements not only significantly altered the morphology
of MoSe2, but also enhanced its HER performance by introducing defects and optimizing
the electronic structure. DFT calculations further confirmed that metal doping effectively
reduces ΔG at active sites and enhances catalytic activity. Among the doped samples,
Co-doped MoSe2 exhibited the best catalytic activity, with an onset overpotential of 0.293
mV at 100 mA/cm−2 and a Tafel slope of 47 mV/dec. This study provides new insights
into the application of transition metal-doped MoSe2 in electrocatalysis.
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Co-MoSe2, and CoSe2 catalysts, (c) MoSe2, Ni-MoSe2, and NiSe2 catalysts. Figure S4: CV curves of
MoSe2 (a), Fe-MoSe2 (b), Co-MoSe2 (c), and Ni-MoSe2 (d) at various scan rates (20 mV s−1, 40 mV s−1,
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Abstract: Finding alternatives to platinum that exhibit high activity, stability, and abundant
reserves as oxygen reduction electrocatalysts is crucial for the advancement of fuel cells. In
this study, we first mixed FeCl2·4H2O, 1,10-phenanthroline, and Vulcan XC-72, followed
by pyrolysis in a nitrogen atmosphere, to obtain FeNC. Subsequently, we combined FeNC
with MXene produce FeNC/MXene composites. The FeNC/MXene catalyst achieved
a half-wave potential of 0.857 V in an alkaline medium, exhibiting better oxygen reduc-
tion reaction (ORR) activity and durability than commercial Pt/C catalysts. The layered
structure of MXene endows the material with a high specific surface area and facilitates
efficient electron transfer pathways, thereby promoting rapid charge transfer and material
diffusion. The cleavage of Ti-C bonds in Ti3C2 at elevated temperatures results in the
transformation of MXene into TiO2, where the coexistence of anatase and rutile phases
generates a synergistic effect that enhances both the mass transfer rate and the electrical
conductivity of the catalytic layer. Additionally, the unique electronic structure of the
FeNx sites simultaneously optimizes electrocatalytic activity and stability. Leveraging these
structural advantages, the FeNC/MXene composite catalysts demonstrate exceptional
catalytic activity and long-term stability in oxygen reduction reactions.

Keywords: Fe-N-C catalysts; MXene; Non-Pt catalysts; oxygen reduction reaction

1. Introduction

As the global community increasingly prioritizes energy and environmental issues,
hydrogen fuel cells have garnered significant attention [1,2]. In these cells, hydrogen is
oxidized through the hydrogen oxidation process, while oxygen undergoes reduction,
enabling the conversion of stored energy into electrical energy via the oxygen reduction
mechanism [3–5]. However, the ORR is characterized by slow kinetics and necessitates a
high overpotential for effective operation. Currently, precious metal-based electrocatalysts
represent the most advanced ORR catalysts [6]; however, they possess several limitations, in-
cluding high costs, a low abundance of the constituent metals, single functionality, and poor
stability [7]. Therefore, cost-effective and durable non-precious metal ORR catalysts are
vital for improving fuel cell performance and promoting sustainable energy development.

Nitrogen–carbon (M-N-C) materials doped with transition metals are regarded as
promising substitutes for commercial Pt/C catalysts [8–11]. The incorporation of tran-
sition metals benefits the ORR by weakening the bond strength of key intermediates
(OOH*, O*, OH*), as these metals can effectively accept external electrons [12–14]. This
phenomenon arises from the three-dimensional electronic orbitals of transition metals,
which have the ability to accommodate external electrons. Additionally, the introduc-
tion of nitrogen through doping can facilitate the formation of additional active sites,
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thereby enhancing the electrochemical efficiency of the catalyst and promoting the ORR.
Notably, carbon materials exhibit electrical conductivity, and nitrogen doping can further
improve this property, increasing the rate of electron transfer within the catalyst [15,16].
The synergy between transition metals and nitrogen-doped carbon enhances both durabil-
ity and catalytic activity, leading to improved ORR performance. Among these materials,
iron–nitrogen–carbon (Fe-N-C) has attracted considerable attention for its promise as a
high-performance alternative to noble metal catalysts like Pt/C [17,18]. Fe-N-C materials
offer several advantages, including moderate cost, high conductivity, stability, and high
catalytic efficiency [19–22]. However, the pyrolysis process unavoidably induces significant
aggregation and the formation of thick catalyst layers, thereby impeding mass transport
and ionic conductivity, which ultimately results in suboptimal ORR performance [23]. To
overcome this problem, researchers have designed various Fe-N-C catalysts supported on
diverse substrates, including covalent organic frameworks (COFs) [24], imidazole zeolite
frameworks (ZIFs) [25], and MXene [26,27]. In particular, MXene materials have garnered
significant interest for heterogeneous catalysis, attributed to their layered architectures and
rich functional groups [28].

MXene (Mn(1−x)X(x+1)Tx, where M is an early transition metal, X represents C and/or
N, and T denotes surface terminations) is a novel two-dimensional transition metal carbide
or nitride. It is widely applied in energy storage and conversion due to its excellent
electrical conductivity, hydrophilicity [29,30], and unique surface properties [28,31–33].
However, MXene features a readily stackable sheet structure, which is held together by
van der Waals forces and hydrogen bonds [34]. Variations in MXene’s lattice structure and
surface terminations can significantly alter its electronic properties, allowing the fine-tuning
of its surface environment and catalyst interactions [35]. Consequently, MXene could play
a pivotal role in enhancing the catalytic activity of Fe-N-C.

In the present study, a composite material was designed, consisting of Fe-Nx-C and
Ti3C2-type MXene. A series of FeNC/MXene electrocatalysts was prepared, and their
electrochemical performance as ORR catalysts in an alkaline medium was investigated.
Furthermore, we optimized the pyrolysis temperature of Fe-Nx-C and MXene to achieve
the most effective ORR activity. The FeNC/MXene catalyst demonstrates a high half-wave
potential of 0.857 V and supports an efficient four-electron ORR pathway. It also exhibits
excellent stability and strong resistance to methanol crossover. These FeNC/MXene cata-
lysts meet the necessary criteria for both purity and high performance, and are expected to
serve as a cost-effective, efficient, and sustainable alternative to commercial Pt/C catalysts.

2. Experimental Section

2.1. Materials

MAX phase (Ti3AlC2) was bought from Jilin 11 Technology Co., Ltd. (Changchun,
China). Hydrofluoric acid (40%), methanol (99.5%), and propan-2-ol (99.7%) were pur-
chased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Iron(II) chloride
tetrahydrate and 1,10-phenanthroline were purchased from Macklin chemical reagent.
(Shanghai, China). Vulcan XC-72 carbon black was purchased from Cabot Corporation
(Boston, MA, USA), and Nafion was obtained from DuPont (Wilmington, DE, USA).

2.2. Synthesis of MXene

1 g of Ti3AlC2 was gradually introduced into 20 mL of a 40% HF solution and stirred
at 45 ◦C for 24 h [36]. Following the stirring process, the mixture was subjected to repeated
centrifugation with deionized water until the pH reached 6. The precipitate obtained
from centrifugation was subsequently collected and vacuum-freeze-dried for 12 h to yield
multilayered Ti3C2Tx.
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2.3. Synthesis of eNC/MXene

A total of 120 mg of carbon black (Vulcan XC72) was combined with 8 mL of methanol.
In a separate preparation, 22 mg of Iron(II) chloride tetrahydrate was added to 1 mL of
methanol, and 60 mg of 1,10-phenanthroline was dissolved in 1 mL of methanol. The
three resulting solutions were then combined and stirred thoroughly. The mixture was
subsequently placed in an open beaker, where it was continuously stirred at a temperature
of 60 ◦C until complete evaporation of the solvent occurred. Following this, the material
was heated in an oven at 80 ◦C for two hours. The carbon black-containing [Fephen3]2+

was then transferred to a tubular heating furnace and subjected to pyrolysis at 800 ◦C for
three hours, utilizing a heating rate of 5 ◦C min−1 in a nitrogen atmosphere. The final
product was designated as FeNC.

To prepare the FeNC/MXene composite, add 30 mg of MXene and 30 mg of FeNC to
20 mL of methanol. Stir the mixture at 60 ◦C until the methanol has completely evaporated.
Subsequently, transfer the resulting mixture to a tube furnace and subject it to pyrolysis in
a nitrogen atmosphere at 800 ◦C for a duration of 2 h.

2.4. Electrochemical Characterization

In this experiment, all electrochemical measurements were performed using a
CS2350 electrochemical workstation with a standard three-electrode configuration. A satu-
rated Hg/HgO electrode was used as the reference electrode, a graphite rod as the counter
electrode, and a 5 mm diameter glassy carbon rotating disk electrode (RDE) as the working
electrode. The electrolyte was 0.1 M KOH, which was saturated with oxygen prior to
testing to ensure reliable evaluation of the catalyst’s ORR performance. To standardize
the results, all potentials were converted to the reversible hydrogen electrode (RHE) scale
using the following equation:

RHE = Hg/HgO + 0.059pH + 0.098

Before testing, the catalyst was prepared into an ink by dispersing 5 mg of catalyst
in 200 μL of isopropanol, 780 μL of ultrapure water, and 20 μL of 5% Nafion solution.
The mixture was sonicated for 1 h to ensure uniform dispersion. The working electrode
was polished with 50 nm Al2O3 powder to remove surface impurities. Then, 20 μL of
the catalyst ink was drop-cast onto the RDE surface and allowed to dry. Electrochemical
activation was performed using cyclic voltammetry (CV) in O2-saturated 0.1 M KOH
at a scan rate of 50 mV s−1 over a potential range of 0.1–1.1 V (vs. RHE). ORR activity
was evaluated via linear sweep voltammetry (LSV) under O2-saturated conditions at
a scan rate of 10 mV s−1 and a rotation speed of 1600 rpm, within the potential range
of 0–1.1 V (vs. RHE). To analyze the reaction kinetics, LSV curves were also recorded at
various rotation rates (625–2025 rpm). The Koutecky–Levich (K-L) equation was used to
calculate the number of electrons transferred (n), expressed as

j−1 = jK−1 + jL−1 = jK−1 + (Bω0.5)−1

where B is defined by the following equation:

B = 0.2nFC0D0
2/3v−1/6

Here, j represents the measured limiting current density; jK and jL denote the kinetic
and limiting diffusion current densities, respectively; ω indicates the angular velocity of
the rotating disk electrode (RDE); n is the number of electron transfers; and F is Faraday’s
constant (F = 96,485 C mol−1). Additionally, C0 is the volume concentration of O2 in
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0.1 M KOH (C0 = 1.2 × 10−6 mol cm−3), D0 is the diffusion coefficient of O2, which is
1.9 × 10−5 cm2 s−1, and the kinematic viscosity of the electrolyte (γ) is 0.01 cm2 s−1 in
0.1 M KOH. The rotation speed (rpm) is expressed using the constant 0.2.

3. Results and Discussion

3.1. Characterization of FeNC/MXene

Figure 1a presents the X-ray diffraction (XRD) image of the MAX phase and MXene.
A distinct diffraction peak at 2θ = 38.4◦, indexed as (104), is observed in the MAX phase,
attributed to aluminum (Al), which must be fully removed to obtain the MXene [37] layer.
The disappearance of the 38.4◦ peak after 24 h HF etching confirms the complete removal of
aluminum and the formation of high-purity, layered MXene. Additionally, new diffraction
peaks corresponding to the crystal planes (002), (004), and (006) appear at 2θ values of 8.6◦,
17.9◦, and 27.1◦, respectively [36]. The diffraction pattern provides additional evidence
for the successful conversion of Ti3AlC2 to Ti3C2. Notably, the (002) peak shifts to a lower
angle in the MXene phase (2θ = 8.6◦), likely due to the increased lattice spacing caused by
the expansion of the Ti3C2 layers along the (002) plane, thus validating the characteristic
accordion-like structure of MXene. As seen in Figure 1b, the XRD image of FeNC exhibits
characteristic diffraction peaks corresponding to Vulcan XC72 at angles of 25◦ and 43◦ [38].
The XRD plots of FeNC/MXene-1 exhibit characteristic peaks at 27.3◦, 35.9◦, 41.1◦, 43.9◦,
54.1◦, and 56.5◦, which correspond to the (110), (101), (111), (210), (211), and (220) crystal
facets of rutile TiO2 [39]. Additionally, a weak peak at 25.1◦ corresponds to the (110) crystal
facet. The absence of peaks corresponding to Ti3C2 in the XRD pattern of FeNC/MXene-1
may be attributed to the dominance of TiO2 peaks, which hinder the detection of Ti3C2.
In addition, no diffraction peaks corresponding to iron-based species were observed in
the XRD patterns of either FeNC or FeNC/MXene-1, indicating that the iron species were
atomically dispersed within the carbon matrix [40]. These Fe-N-C catalysts may interact
with TiO2 nanoparticles, resulting in a synergistic effect [41].

Figure 1. (a) XRD pattern of MXene and Ti3AlC2; (b) XRD pattern of FeNC/MXene-1, FeNC,
and MXene.

Figure 2a illustrates the XRD plots of FeNC/MXene at various pyrolysis temperatures.
At a pyrolysis temperature of 700 ◦C, MXene is converted to anatase TiO2 due to the facile
cleavage of the Ti-C bond in Ti3C2 at elevated temperatures, leading to the formation
of TiO2. Anatase TiO2 exhibits a more open crystal structure, a relatively high specific
surface area, an abundance of surface defects, and a rich presence of oxygen vacancies,
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all of which contribute to its high catalytic activity. When the pyrolysis temperature is
elevated to 800 ◦C, anatase TiO2 transforms into rutile TiO2, with the peak intensity of rutile
TiO2 increasing further with higher pyrolysis temperatures, indicating the generation of
additional TiO2. Rutile TiO2 possesses relatively good electrical conductivity, particularly
at high temperatures, which enhances its stability in electrocatalytic reactions characterized
by high voltage and current density. The anatase and rutile phases in mixed-phase TiO2

exhibit a beneficial synergistic effect [42,43]. An optimal ratio of anatase to rutile enhances
the mass transfer rate and conductivity of the catalytic layer [44]. As shown in Figure 2b,
Raman spectroscopy was conducted to investigate FeNC/MXene at different pyrolysis
temperatures. The Raman spectra (Figure 2b) show the D (1340 cm−1) and G (1580 cm−1)
bands of carbon crystals, which are associated with defects in the carbon lattice and the
vibrations of sp2-hybridized carbon atoms, respectively. The intensity ratio (ID/IG) reflects
the surface defects in the carbon film, with values of 1.03 for FeNC/MXene-700, 1.08 for
FeNC/MXene-800, and 1.08 for FeNC/MXene-900, indicating that the carbon layer in
FeNC/MXene-800 has a higher defect density [45,46].

Figure 2. (a) XRD pattern and (b) Raman spectra of FeNC/MXene-700, FeNC/Mene-800, and
FeNC/Mene-900.

The surface morphology of the MAX phase (MXene), FeNC, and FeNC/MXene was
observed via scanning electron microscopy (SEM). As illustrated in Figure S1, the MAX
phase exhibited closely stacked layers, whereas the MAX phase underwent a successful
transformation into an accordion-like (see Figure 3b) MXene layer following 24 h of etching.
Figure 3c depicts the FeNC structure without MXene, which exhibits agglomerated particles.
Following the doping of MXene into FeNC at a mass ratio of 1:1, the surface of MXene was
modified by FeNC particles, as illustrated in Figure 3d. This process retained the lamellar
structure of MXene while simultaneously facilitating the dispersion of FeNC clusters,
thereby improving the porosity of the material. The dispersion of FeNC clusters over time
led to an improvement in porosity. Furthermore, the distribution of FeNC particles in
the interlayer of MXene hindered lamellar stacking and enhanced mass transport, greatly
improving ORR performance [47].
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Figure 3. (a) Schematic illustration of FeNC/MXene hybridization; (b) SEM images of MXene,
(c) FeNC, and (d) FeNC/MXene-1; (e,f) TEM images of FeNC/MXene-1; (g) overlay of the elemental
mapping of the energy-scattered X-ray spectra of FeNC/MXene-1.

The figure shows a TEM image of a highly porous FeNC/MXene electrocatalyst (see
Figure 3e,f). The TEM image further verifies that the MXene layer covers the FeNC, in
agreement with the SEM image. It shows that the edges of FeNC/MXene appear more
worn or rough, indicating an increase in porosity. The lattice stripe spacing of TiO2 has
been measured to be 0.35 nm, which corresponds to the (101) crystal plane, and the lattice
stripe spacing of Ti3C2Tx MXene has been measured to be 0.34 nm, which corresponds
to the (006) crystal plane. Additionally, the lack of carbon lattice fringes confirms the
amorphous nature of FeNC, which contributes to enhanced resistance to volume change
during electrochemical reactions [48]. Furthermore, elemental mapping revealed the
presence of C, N, O, Ti, and Fe (see Figure 3g), indicating that MXene and FeNC effectively
hybridized to form a novel FeNC/MXene with a unique microstructure, in which the
aggregation of metallic Fe atoms can be efficiently avoided during annealing due to the
discrete nature of the Fe–phenanthroline complex [49], which is conducive to the formation
of high-density and uniformly distributed Fe-NX sites.

It is hypothesized that the enhanced activity may result from the interaction at the
FeNC/MXene interface. The electronic structure of FeN4 groups, before and after coupling
with MXene, was examined using multi-spectral techniques. The X-ray photoelectron
spectroscopy (XPS) measurement produced a spectrum confirming the presence of Ti, Fe,
N, C, O, and F (see Figure S2). It can be inferred that the signals corresponding to O and
F may originate from the hydroxyl and fluorine ends of MXene, respectively. In the pure
FeNC spectrum, the Fe2p3/2 and Fe2p1/2 peaks in the XPS narrow scan are observed at
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710.1 eV and 722.9 eV, respectively. Following coupling with MXene, both peaks shift to
711.8 eV and 725.4 eV, as illustrated in Figure 4a,b. Although the XPS signal of Fe2p is
relatively weak, the noticeable shift in the Fe2p peak to higher binding energies suggests a
strong interaction between MXene and the FeN4 component, which significantly diminishes
the local electronic density at the Fe center [35].

Figure 4. (a–d) XPS survey spectra and (a) high-resolution Fe2p scans of FeNC. (b) High-resolution
Fe2p scan of FeNC/MXene-1. (c) High-resolution N1s scans of FeNC. (d) High-resolution N1s scans
of FeNC/MXene-1.

Additionally, as depicted in Figure 4c, the N1s spectrum was fitted into four main
N-related peaks along with supplementary MXene-N bonds, corresponding to pyridinic N,
pyrrolic N, graphitic N, and oxidized N, which are observed at 400.5 eV, 399.4 eV, 398.3 eV,
and 402.7 eV, respectively. As can be observed in Table 1, the proportions of pyridinic N,
pyrrolic N, and graphitic N in FeNC/MXene are 31.95%, 25.15%, and 21.94%, respectively.
The pyridinic N is connected to two carbon atoms and contributes two p-electrons to the
aromatic system, while the graphitic N is bonded to three carbon atoms. The pyrrolic
N-substituted nitrogen atom is bonded to two carbon atoms at the edge of the carbon
plane and donates one p-electron, whereas the oxidized N-substituted nitrogen atom is
bonded to two carbon atoms and one oxygen atom [50]. The four types of nitrogen species
exhibit different effects on the ORR activity of the electrocatalyst, with pyridinic N showing
the strongest contribution. It enhances electron-donating capability and facilitates O2

adsorption, thereby improving catalytic performance. Notably, the enhanced ORR activity
is primarily attributed to this effect [51]. Graphitic N provides a substantial number of
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electrocatalytic active centers for the ORR, thereby enhancing the limiting current density.
Additionally, pyrrolic N sites contribute to improved ORR performance, although their
impact on overall catalyst performance is minimal [52]. As shown in Table 1, the increase
in the pyridinic N content of the FeNC/MXene catalysts indicates that the catalysts have
improved limiting current densities and onset potentials (Eonset) toward ORR.

Table 1. Deconvoluted N1s atomic percentage of FeNC and FeNC/MXene-1.

Catalysts Pyridinic N Pyrrolic N Graphite N Oxygen N

FeNC 27.12% 27.15 29.56% 16.17%
FeNC/MXene-1 36.08% 20.29% 27.66% 15.97%

3.2. Electrochemical Properties of FeNC/MXene

The ORR performance of the synthesized catalyst FeNC/MXene was analyzed in an
alkaline electrolyte (0.1 M KOH) with the rotating disk electrode (RDE) method. Initially, the
electrocatalytic behavior of the catalyst was assessed in an electrolyte saturated with O2 and
N2 through cyclic voltammetry (CV) cycling at a scan rate of 10 mV s−1. As illustrated in
Figure 5a, the absence of a redox peak in the N2-saturated electrolyte supports the assertion
that the electrocatalyst exhibits capacitive behavior [53]. Conversely, the O2-saturated
electrolyte exhibited a cathodic redox peak at a potential of 0.85 V for FeNC/MXene. A
series of catalysts, designated as FeNC/MXene-1, FeNC/MXene-2, FeNC/MXene-3, and
FeNC/MXene-4, were synthesized by adjusting the ratios of FeNC to MXene to 1:1, 1:2,
1:3, and 2:1, respectively. Subsequently, the ORR catalytic activity of these catalysts was
compared with that of commercial Pt/C using linear sweep voltammetry (LSV). As shown
in Figure 5b, single FeNC exhibits discernible ORR activity. The electrochemical activity of
FeNC is altered when loaded on MXene, particularly at a 1:1 ratio, which demonstrates a
significant enhancement in ORR activity. As shown in Figure 5c, a detailed comparison
of the onset potential, half-wave potential, and limiting current density was conducted
for the different catalysts. The FeNC/MXene-1 catalyst exhibits an onset potential of
0.987 V, comparable to that of commercial Pt/C (0.997 V), and a half-wave potential
of 0.857 V, which even surpasses that of Pt/C (0.845 V). Moreover, compared to FeNC,
FeNC/MXene-1 shows a significantly enhanced limiting current density, reaching 5.5 mA
cm−2. This is attributed to the synergistic combination of conductive Vulcan XC-72, the
layered structure of MXene with high electronic conductivity, and the graphitized carbon
surrounding Fe-Nx sites, which together provide efficient electron transfer pathways. These
characteristics facilitate rapid charge transfer and mass diffusion. As shown in Figure S3,
the ORR performance of the MXene substrate and metal-free N-C was evaluated using LSV.
The MXene substrate exhibited minimal ORR activity due to the absence of active sites.
Metal-free N-C showed moderate activity, attributed to the presence of pyridinic nitrogen.
However, both materials displayed significantly lower ORR performance compared to the
FeNC/MXene catalyst, highlighting the critical role of Fe-Nx sites in enhancing catalytic
activity. The ORR kinetics of all samples were assessed using the Tafel slope, as shown in
Figure 5d. The Tafel slope of the FeNC/MXene-1, measured at 67 mV dec−1, is smaller
than that of Pt/C (90 mV dec−1) and FeNC (72 mV dec−1), suggesting more favorable
-oxygen reduction kinetics. These results indicate that the FeNC/MXene-1 catalyst exhibits
superior ORR activity, likely due to its high concentration of FeNx sites and its layered
structure [54]. The ORR performance of FeNC/MXene was compared with other reported
Fe-based catalysts (see Table S1 [55–64]). The results indicate that FeNC/MXene shows
ORR performance similar to other Fe-based catalysts. To further examine the ORR kinetics,
the catalysts were tested in a 0.1 M KOH O2-saturated electrolyte using an LSV system at a
scan rate of 10 mV s−1 and rotation speeds between 400 and 1600 rpm. As seen in Figure 5e,
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the limiting current density increases with the rotation speed [65]. The corresponding K-L
plot, illustrated in Figure 5f, is nearly linear in three dimensions within the 0.1 mol L−1

KOH solution, confirming first-order reaction kinetics. Through the K-L equation, the value
of n for the FeNC/MXene-1 catalyst is calculated to be around 4.0 within the potential
range of 0.2 V–0.6 V, suggesting a direct four-electron transfer pathway for the ORR [66].

 

Figure 5. (a) CV curves of FeNC/MXene-1, (b) LSV curves of FeNC/MXene-1, FeNC/MXene-2,
FeNC/MXene-3, FeNC/MXene-4, and Pt/C at 1600 rpm, (c) the corresponding Eonset, E1/2, and Jk,
(d) Tafel slope of the above catalyst, (e) LSV curves of FeNC/MXene-1 at various rotation speeds of
the RDE, and (f) Koutecky-Levich (K-L) curves of FeNC/MXene-1 at various potentials.

The LSV test reveals that the FeNC/MXene composite at a 1:1 ratio exhibits the
highest ORR activity in alkaline electrolytes, thereby establishing this ratio as optimal.
Catalysts synthesized at this ratio, differentiated by distinct pyrolysis temperatures, are
designated as FeNC/MXene-700, FeNC/MXene-800 (FeNC/MXene-1), and FeNC/MXene-
900. The ORR performance of these catalysts was assessed through cyclic voltammetry
(CV) curves under saturated nitrogen (N2) and oxygen (O2) conditions in a 0.1 mol L−1

KOH electrolyte. In the alkaline solution saturated with N2, none of the catalysts displayed
a cathodic ORR peak. In contrast, under O2 saturation, a cathodic oxygen reduction
peak was identified at a potential of 0.82 V for FeNC/MXene-700 (Figure S4a), while
FeNC/MXene-900 demonstrated a peak at a slightly lower potential of 0.80 V (Figure S4b).
The findings indicate that the FeNC/MXene-800 composite achieves the most positive ORR
peak potential, suggesting an enhanced likelihood of O2 reduction to H2O [67].

Additionally, the ORR performance of the catalysts in the O2-saturated 0.1 M KOH elec-
trolyte at various pyrolysis temperatures was recorded via LSV at a scan rate of 10 mV s−1

and a rotation speed of 1600 rpm. As shown in Figure 6a, the onset potential (Eonset)
and half-wave potential (E1/2) for FeNC/MXene-700 are 0.933 V and 0.812 V, respectively,
whereas those for FeNC/MXene-900 are 0.905 V and 0.778 V. These results are compar-
atively lower than those of FeNC/MXene-1. This indicates that maintaining a 1:1 mass
ratio and performing pyrolysis at 800 ◦C effectively enhance the loading of FeNC onto
the MXene substrate. Furthermore, the ORR kinetics of all samples were assessed using
the Tafel slope, as shown in Figure 6b. The Tafel slope of FeNC/MXene-800 is lower than
that of other pyrolysis temperatures, indicating better reaction kinetics. This enhancement
arises from the conversion of MXene at pyrolysis temperatures of 800 ◦C, which results in a
beneficial synergistic effect due to the coexistence of rutile and anatase TiO2. This effect
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significantly improves the mass transfer rate and electrical conductivity of the catalytic
layer [42,43].

Figure 6. (a,b) The LSV curves and Tafel slope of FeNC/MXene-1 at various temperatures,
(c) the ECSA curves of FeNC/MXene-1 at CV scan rates ranging from 10 mV s−1 to 120 mV s−1

(The different colors represent the corresponding scan rates), (d) the direct correlation between the
recorded capacitive current and different scanning speeds.

The electrochemical surface area (ECSA) plays an important role in influencing elec-
trocatalytic performance for the ORR. The ECSA was determined from the electrochemical
double-layer capacitance (Cdl) measured during the CV cycling of the obtained electrocata-
lysts, namely, FeNC/MXene-700, FeNC/MXene-800, and FeNC/MXene-900, at different
scan rates between 10 mV s−1 and 120 mV s−1 (see Figures 6c and S4c,d). The Cdl values
were determined using the following equation:

Δj = ja − jc

Cdl = d(Δj)/2dν

ECSA = Cdl/Cs

here, ja and jc denote the currents measured at the anode and cathode during cyclic voltam-
metry in mA cm−2, Δj refers to the current difference between the anode and cathode,
and Cs represents the specific capacitance of the planar electrode, with units of μF cm−2.
The Cs value for non-precious metals typically ranges from 20 to 40 μF cm−2. In this
study, an average value of 40 μF cm−2 was used. The capacitance per unit area (Cdl) of
FeNC/MXene-700, FeNC/MXene-800, and FeNC/MXene-900, as shown in Figure 6d, is
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8.69 μF cm−2, 9.88 μF cm−2, and 7.52 μF cm−2, respectively. The highest calculated ECSA
was 247 m2 g−1 for FeNC/MXene-800, followed by FeNC/MXene-700 (217 m2 g−1) and
FeNC/MXene-900 (188 m2 g−1). These ECSA results align with the LSV measurements
of the synthetic catalysts. As the pyrolysis temperature increases, Vulcan XC72 gradually
eliminates the oxygen-containing functional groups on its surface, which enhances the elec-
trical conductivity and hydrophobicity of the carbon material. At a pyrolysis temperature
of 800 ◦C, the microporous structure of Vulcan XC72 significantly enhances the utiliza-
tion efficiency of the MXene layer. When the pyrolysis temperature reaches 900 ◦C, the
arrangement of the carbon layers begins to graphitize; however, at elevated temperatures,
the micropores collapse, resulting in a decrease in specific surface area [68]. These ECSA
results correlate well with the LSV measurements of the synthesized catalysts.

3.3. Stability and Durability of FeNC/MXene

In the context of actual operating conditions for a hydrogen fuel cell, a number of
factors contribute to catalyst degradation. These include carbon corrosion, metal peeling,
the protonation of active centers, and intermediate formation [69,70]. The durability of
FeNC/MXene-1 and commercial Pt/C was evaluated through chronoamperometry, as
depicted in Figure 7a. The FeNC/MXene-1 catalyst exhibited excellent stability, maintaining
a current loss of only 9% after 20,000 s of operation at 0.6 V. This is a notable improvement
over the current loss rate of 25% observed for the Pt/C catalyst. Apart from its stable
performance, the FeNC/MXene-1 catalyst demonstrated remarkable methanol tolerance,
retaining 91% of its initial current density after 1500 s of testing in the presence of 3M
methanol (CH3OH) for 300 s (see Figure 7b). In contrast, the commercial Pt/C catalyst
exhibited a 29% reduction in current density. As conventional metals are inherently less
tolerant of methanol interference, the good resistance to toxicity of FeNC/MXene can
be attributed to the rich microporous carbon structure of Vulcan XC72, which enhances
the smooth diffusion rate of the electrolyte. The experimental results demonstrate that
FeNC/MXene-1 exhibits excellent methanol poisoning resistance and long-term cycling
stability. The FeNC/MXene-1 catalyst has the potential to be a low-cost ORR electrocatalyst
for the circular economy and sustainable hydrogen-fueled fuel cells and direct methanol
fuel cells.

Figure 7. (a) Chronoamperometry curves of FeNC/MXene-1 and Pt/C were recorded at a con-
stant potential of 0.6 V (vs. RHE) over a duration of 20,000 s. (b) Chronoamperometry curves of
FeNC/MXene-1 and Pt/C at a constant voltage of 0.6 V (vs. RHE) for 1500 s after the addition
of methanol.
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4. Conclusions

In conclusion, oxygen reduction reaction activity was enhanced by anchoring iron–
nitrogen–carbon (Fe-Nx-C) complexes on a Ti3C2-based MXene substrate. SEM and TEM
analyses show that FeNC particles are uniformly dispersed across both the surface and
interlayer of the MXene. XPS results reveal an increase in pyridine nitrogen concentration,
which improves the catalyst’s performance. In a 0.1 M KOH electrolyte, the FeNC/MXene
catalyst exhibits a half-wave potential of 0.857 V, surpassing the 0.845 V of Pt/C catalysts.
Additionally, the FeNC/MXene materials demonstrate excellent durability and methanol
resistance compared to commercial Pt/C catalysts. The high catalytic activity and stability
of FeNC/MXene provide a valuable reference for developing non-precious metal ORR
catalysts and expanding the use of Pt/C in alternative fuel cells.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/inorganics13060188/s1, Figure S1: SEM of MAX; Figure S2: XPS
survey spectra of FeNC/MXene-1; Figure S3: LSV curves of MXene and metal-free N-C at 1600 rpm;
Figure S4: (a,b) CV curves of FeNC/Mene-700 and FeNC/Mene-900, (c,d) ECSA curves at different CV
scan rate of 10 mV/s to 120 mV/s of FeNC/Mene-700 and FeNC/Mene-900. Table S1: Performance
comparison of ORR activities for recently reported Fe-based catalysts. References [55–64] are cited in
the supplementary materials.
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Abstract: Hydrogen from water splitting is seen as a promising future energy source. Pt
electrochemical catalysts with an ideal hydrogen evolution reaction (HER) performance face
problems relating to their cost and scarcity. Research into transition metal dichalcogenides
(TMDs) as alternative catalysts is in demand. In our work, H adsorption on monolayer
MoTe2 is investigated at different sites and rates. Through structure and charge distribution
analysis, it is found that uniform charge distribution facilitates H adsorption. In addition,
the enhanced electronic density of states and reduced band gap calculated by the electronic
energy band structure are advantageous for H adsorption. And the Mo edge of MoTe2 is
sensitive to the H adsorption rate. Finally, the H adsorbed on the sites is stable at 600 K, as
shown in molecular dynamics (MD) calculations. Our work provides a further mechanism
for H adsorption on MoTe2.

Keywords: DFT calculation; HER; 2D materials

1. Introduction

Hydrogen as an energy carrier is seen as an alternative renewable energy due to its
environmentally friendly and sustainable advantages over fossil fuels [1]. Electrical-energy
driven water splitting has been used to produce hydrogen [2]. Pt is well-known as the most
efficient electrocatalyst for HER with a near-zero overpotential, a remarkable exchange
current density, and a small Tafel slope [3]. Its high cost and inadequate reserves make Pt
less competitive in practical applications. Over the past few years, great efforts have been
devoted to developing an alternative electrocatalyst [4]. MoTe2 is a promising catalyst for
the hydrogen evolution reaction (HER) due to its excellent mobility (~4000 cm2/V s) and
conductivity (0.2/Ω cm) [5]. Monolayer MoTe2 can improve the charge transfer for HER
due to its atomic thickness. Moreover, the prominent chemical stability and robustness of
MoTe2 during electrochemical reactions are advantages for HER electrocatalysts [6].

The edge sites of MoTe2 are active catalytic sites while the basal planes of MoTe2

are inert for catalytic activity. So, great effort has been put into activating the catalytic
sites. Experimentally, the HER catalytic capability of 2H-MoTe2 has been improved by
Te vacancies engineering [7], nanowire structure engineering [8], hybrid composites [9],
phase engineering [10,11] and so on. Theoretically, the better HER activity of the MoTe2

plane via metal/non-metal atom substituted doping [6,12] or Te vacancy [13] engineering
has been predicted. Among them, the HER activity of MoTe2 as a function of hydrogen
adsorption coverage is investigated. For example, the equilibrium hydrogen adsorption
coverage at vacancy sites of MoTe2 is calculated as bigger than 0.8 [14]. G-CN/MoTe2

heterojunctions achieve higher HER performance at 4 H coverage [15]. The effective HER
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performance of MoTe2 with a 2H-1T phase boundary is achieved below 60% hydrogen
adsorption coverage, according to a density functional theory (DFT) calculation [16].

As far as we know, systematic work on monolayer MoTe2 HER activity in terms of
hydrogen adsorption sites and coverage is scarce. Hydrogen adsorption with different
active sites and coverage rates on similar TMDS MoSe2 materials has been reported [17].
These authors found that the catalytic capacity of HER for the Se edge is more stable than
that of the Mo edge, with less sensibility to the absorption hydrogen coverage rates. Our
work follows up on previous work, except for the MoTe2 materials used.

Here, DFT is used to calculate the hydrogen adsorption Gibbs free energy of MoTe2 as
a function of the adsorption sites and adsorption rates. The exchange current density (j0)
as a function of the Gibbs free energy (ΔGH) is calculated to analyze the catalytic ability.
In our 2 × 2 × 1 MoTe2 models, the Mo edge is found to be sensitive to the adsorption
rate. To further explore the mechanism, the geometry structure and the differential charge
density distribution are investigated, and it is found that the uniform charge distribution
explains the better HER performance. In addition, the relationship between the Gibbs
free energy and energy bandgap is established by calculating the electronic energy band
structure of MoTe2 models. And it is found that the enhanced electronic density of states
and the reduced band gap is advantageous for H atom adsorption. The adsorbed hydrogen
is stable at 600 K kinetically according to MD calculations.

2. Results

2.1. Structure

Figure 1a,b show the top and side views of a MoTe2 unit cell. The Mo atom (purple
color) is sandwiched between the two nearest S atoms (yellow color). The lattice constant,
Mo-Te bond length and Te-Mo-Te angle are 3.56 Å, 2.738 Å and ~83◦, respectively, which is
consistent with other reports [18]. The pristine MoTe2 has a bandgap of ~0.97 eV, which
is consistent with previous DFT calculations [6]. The orbital projected band structure
and partial density of states (PDOS) of the MoTe2 primitive cell are shown in Figure S1.
Figure 1c shows the top view of the 2 × 2 × 1 supercell MoTe2. Three sites were chosen to
identify the optimal position for H adsorption: hollow sites (#0), top Te site (#1) in the Te
zigzag edge, and top Mo site (#2) in the Mo zigzag edge; these are shown in Figure 1c.

Figure 1. (a,b) The top and side view of the optimized structure of pristine MoTe2. The Te and Mo
atoms are represented by yellow and purple colors, respectively. (c) Supercell structure and hydrogen
adsorption sites (#0 hollow site of MoTe2; #1 site on top of Te; #2 site on top of Mo).

2.2. Gibbs Free Energy (ΔGH) of H Adsorption Sites and Coverage

ΔGH is a good descriptor of HER activity [19]. A value of ΔGH close to 0 indicates
the optimal catalyst, while a positive value means that the protons find it difficult to bond
to the catalyst surface and a negative value meaning that the adsorbed hydrogen is hard
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to leave for H2 formation. It is found that the hollow sites are weak for the adsorption
of protons based on the calculated ΔGH of adsorption sites #0–2 (shown in Table 1). So,
the upper Te (#1) and Mo sites (#2) are chosen for further exploration due to the relative
strength of the adsorption protons. The difference in the coverage of H at the #1 and #2 site
is investigated. The coverage of H adsorption is defined as the number of atoms adsorbed
by the H atom divided by the number of edge atoms. The Te (#1) edge that adsorbs one or
two H atoms has a coverage of 50% and 100%, and is thus denoted as #1_1/2 and #1_2/2
for simplicity. Similarity, the Mo (#2) edge that adsorbs one and two H atoms is denoted as
#2_1/2 and #2_2/2. The calculated total energies of the relaxed MoTe2 and H-adsorbed
MoTe2 configurations (#0, #1_1/2, #1_2/2, #2_1/2 and #2_2/2) are shown in Table S1. The
Gibbs free energy calculations are detailed in Section 4. The calculated ΔGH as a function
of adsorption sites and coverage is shown in Table 1. It is found that the ΔGH of Te sites (1)
increases from 1.945 to 2.024 eV. The ΔGH of Mo sites decreases from 1.601 to 1.326 eV. The
optimal H adsorption site and coverage is #2_2/2 as it had the lowest ΔGH energy.

Table 1. ΔGH at #0, #1 and #2 adsorption sites with a 50% and 100% hydrogen coverage rate.

Adsorption Sites and Coverage ΔGH(eV)

# 0 3.501

#1_1/2 1.945

#1_2/2 2.024

#2_1/2 1.601

#2_2/2 1.326

In order to further analyze the HER activity, the volcano relationship between the
exchange current density (j0) and the Gibbs free energy under standard conditions (pH = 0,
T = 300 K) is shown in Figure 2 [20]. The calculation formula is as follows:

j0 = −ek0 × 1

1 + exp
(−ΔGH

kT

) × exp
(−GH

kT

)
, (ΔGH > 0) (1)

where e is the unit charge and k0 is the proton transfer rate constant, k is the Boltzmann
constant, and T is the temperature. The exchange current density of the #0 adsorption sites
is at the lower end of the triangle. The j0 of #2_2/2 is closer to the top of the triangle while
the j0 of #1_2/2 is away from the top of the triangle, indicating the faster reaction rate of
#2_2/2 and the slower reaction rate of #1_2/2.
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Figure 2. Exchange current density (j0) at #0, #1 and #2 adsorption sites with a 50% and 100%
hydrogen coverage rate.
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3. Discussion

To further explore the mechanism from the perspective of structure and energy, the
structure and charge density differences in the four situations are calculated. Figure 3
shows the geometry relaxation of #1_1/2, #1_2/2, #2_1/2, #2_2/2. The length of the Mo-H
bond is 1.712, 1.795, 1.710 and 1.695 Å. The longest length is observed in structure #1_2/2,
and an obvious lattice deformation is observed. Meanwhile, the ΔGH is the largest, at
2.024 eV.

Figure 3. The top-view and side-view of the optimized structure of (a) #1_1/2; (b) #1_2/2; (c) #2_1/2;
(d) #2_2/2. The green, yellow and purple spheres indicate H, Te and Mo atoms, respectively.

In addition, the charge transfer was analyzed by calculating the differenctial charge
density distribution, as shown in Figure 4a–d. The isosurface is 0.0025 e * a−3

0 . Green regions
near the atom represent electron deletion and yellow regions near the atom represent
electron accumulation [21]. For structure #1_1/2, as shown in Figure 4a, it is found that
the adsorbed H atom gain electrons while the adsorption site Te (#1) loses electrons. In
addition, there is no transfer of electrons in the unadsorbed Te atoms and the redistribution
of electrons occurs in three Mo atoms. In particular, the electron transfer occurs between
the adsorbed Te atom and the two nearest Mo atoms. For structure #1_2/2, large-scale
electron transfer occurs near the adsorbed Te and nearest Mo atoms. The nonlocalized
electron distribution is related to the deformed structure. Electrons are distributed more
locally near the adsorbed Mo atoms in structures #2_1/2 and #2_2/2 compared with the
zigzag Te atoms of structures #1_1/2 and #1_2/2, especially in structure #2_2/2. Combined
with the ΔGH, it is deduced that a large ΔGH value 2.024 eV is related to nonlocalized
electron distribution and that a small ΔGH value 1.326 eV is related to the localized electron
distribution, which is consistent with another report [17]. The electronegativity of H, Mo
and Te is 2.20, 2.16 and 2.10, respectively. So, electrons are enriched near the H atom and
depleted near Mo and Te atoms. The zigzag Mo atom site is sensitive to H compared with
the zigzag Te atom, which is consistent with the result showing that the zigzag Mo atom is
more sensitive to zigzag Se atoms [17].
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Figure 4. The top and side view of the differential charge density distribution for (a) #1_1/2;
(b) #1_2/2; (c) #2_1/2; (d) #2_2/2. The blue and yellow color indicate the charge deletion and
accumulation region. The green, yellow and purple spheres indicate H, Te and Mo atoms, respectively.

We also studied the energy band structure along the K′-M-K-G-K′ path in the Brillouin
zone of the H-adsorbed MoTe2 with four configurations (#1_1/2, #1_2/2, #2_1/2 and
#2_2/2), as shown in Figure 5a–d. For the #1_1/2 structure, the conduction band minimum
(CBM) and valence band maximum (VBM) are located at the K high-symmetry point,
exhibiting a direct band gap with a band gap of 0.43 eV. Similarly, for the #2_1/2 and
#2_2/2 structure, the direct band gap decreased to 0.40 eV and 0.17 eV, respectively. It is
noted that for the #1_2/2 structure, the energy band transitions to an indirect semiconductor,
exhibiting an energy bandgap of 0.49 eV. It is found that the bandgap of the four structures
is related to the Gibbs free energy. The bandgap of structure #1_2/2 is the largest (0.49 eV)
and the corresponding ΔGH is also the largest (2.024 eV). Conversely, the smallest band gap
(0.17 eV) of structure #2_2/2 and the smallest ΔGH (1.326 eV) are observed. This is because
the enhanced density of the conduction band and the reduced band gap are beneficial for
the charge transfer from the adsorbed H to the adsorption sites of MoTe2 [6]. It is noted
that for structure #1_2/2, the VBM is located at the K point while the CBM is not located
at the K point. To study the transition from direct band gap to indirect band gap, the
orbital projected band structure and projected density of the states (PDOS) of structure
#1_2/2 are shown in Figure S2 of the Supplementary Materials. Compared to the projected
band structure of the pristine MoTe2 shown in Figure S1b, the absorbed H 1s orbital of
structure #1_2/2 contributes to the CBM located along the K to Gamma point. The PDOS
of Figure S2b further demonstrates that the Mo 4d, Te 5s, 5p and H 1s contribute to the
density of the states at CBM.

In order to analyze the thermal stability of adsorbed H atoms, we carried out first-
principles molecular dynamics (MD) simulations. The total energy of the #2_1/2 structure
as a function of time simulation at a finite temperature (600 K) is presented in Figure 6. The
inset shows the snapshots for the #2_1/2 structure after the 96 fs and 10 ps MD run. It is
noted that the #2_1/2 structure other than #2_2/2 is chosen due to the limited calculation
resources. It can be seen that the total energy fluctuates around −10,713.6 eV and that
the structure is slightly deformed after 10 ps, with no atoms leaving the substrate [22],
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indicating that the structure remains dynamically stable. At 700 K, the H atom oscillated
violently and detached away from the adsorption sites (shown in Figure S3a–e).

Figure 5. Energy band structure for (a) #1_1/2; (b) #1_2/2; (c) #2_1/2; (d) #2_2/2. K′, M, K, G are the
points of high symmetry in the Brillouin zone with K′, K in the corners, M between two corners and
G in the center.

Figure 6. The total energy of the #2_1/2 structure as a function of the time simulation at finite
temperature (600 K). The inset shows the top and side views for the H-MoTe2 #2_1/2 structure after
96 fs and 10 ps first-principles MD simulations. The green, yellow and purple spheres indicate H, Te
and Mo atoms, respectively.

4. Materials and Methods

All DFT calculations were performed by using the Quantum open-source Package
for Research in Electronic Structure, Simulation, and Optimization (ESPRESSO, version
6.7) [23,24]. Electron–electron exchange correlations are treated by the Perdew–Burke–
Ernzerhof (PBE) functional within the generalized gradient approximation (GGA) and
electron–ion interactions are treated by the projector augmented wave (PAW) method. The
crystal structures are relaxed with a cutoff energy of 49 Ry for the plane–wave expansion of
the electronic wave function and the force on each atom is less than 0.04 eV/Å. A vacuum
space of 15 Å is adopted to prevent interlayer interactions. The Monkhorst-Pack k-point
sampling is set as 1 × 1 × 1, 3 × 3 × 1 for primitive and supercell structures.
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In addition, the change in the Gibbs free energy of hydrogen adsorbed on MoTe2

(ΔGH) is calculated at zero potential and PH = 0 as follows:

ΔGH = ΔEH + ΔEZPE − TΔSH , (2)

where ΔEH is the hydrogen adsorption energy; ΔEZPE is the difference in the zero-point
energy. ΔEH and ΔEZPE are computed as follows:

ΔEH = ΔEnH − ΔE(n−1)H − 1/2ΔEH2 , (3)

ΔEZPE = 1/2∑nH èωi − 1/2∑(n−1)H èωi − 1/2∑H2
èωi, (4)

where nH and (n − 1)H represent the adsorption of MoTe2 by n and n − 1 hydrogen atoms,
respectively. ωi is the vibrational frequency. T is the temperature (300 K) and ΔS is the
difference in entropy between the H that is adsorbed and in the gas phase at 1.01 × 105 pa.
TΔSH is simplified as 0.20 eV, as reported elsewhere [25]. The calculated ΔEZPE is about
0.01 eV. The detailed zero-point energy is shown in Table S2 of the Supplementary Materials.
We set ΔEZPE-TΔSH as 0.21 eV for simplicity.

The thermodynamic stability of hydrogen adsorption on MoTe2 is evaluated by molec-
ular dynamics simulations at 600 K, 700 K and 800 K under the NVT (number of simulated
particles, simulation cell volume, and temperature). The total simulation time is 10 ps and
the time step is 1 fs [22].

5. Conclusions

In summary, 2 × 2 × 1 monolayer MoTe2 shows a Gibbs free energy of 1.326 eV with
2 H adsorption on the Te edge but 2.024 eV with 2 H adsorption on the Mo edge. The
exchange current density (j0) as a function of the Gibbs free energy (ΔGH) is calculated
to analyze the HER activity. Combining the structure and charge distribution analysis,
the electron distribution associated with the deformed structure is the reason for the big
Gibbs free value. Local electron distribution is the reason for the small Gibbs free energy
value. In addition, the relationship between the Gibbs free energy and energy band gap is
established by calculating the electronic energy band structure of MoTe2 models. It is found
that the enhanced electronic density of states and the reduced band gap is advantageous for
H adsorption. It was found that the H-adsorbed MoTe2 of #1_2/2 became an indirect-gap
semiconductor, which could be the reason for the large Gibbs free energy of 2.024 eV.
According to the use of Gibbs free energy as a function of hydrogen adsorption rates,
zigzag Mo is sensitive to H adsorption. Finally, based on MD data, the #2_1/2 structure
shows thermal stability below 600 K. These findings provide valuable references for the
application of two-dimensional MoTe2 in the field of electrocatalytic hydrogen production.
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density of states (PDOS) of monolayer 2H-MoTe2. Table S1: The calculated energy of relaxed MoTe2

and the H-adsorbed MoTe2 configurations (#0, #1_1/2, #1_2/2, #2_1/2 and #2_2/2). Figure S2: (a) The
orbital projected band structure of #2_2/2; (b) The partial density of states (PDOS) of #2_2/2. Table S2:
The calculated zero-point energy of relaxed MoTe2 and the H-adsorbed MoTe2 configurations (#0,
#1_1/2, #1_2/2, #2_1/2 and #2_2/2). Figure S3: The snapshot of typical of H-MoTe2 #2_1/2 structure
at 700K at (a) 100 fs; (b) 4.02 ps; (c) 6.04 ps; (d) 7.36 ps; (e) 8.48 ps.
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Abstract: Nanostructured bimetallic IrSn composites deposited on the natural aluminosili-
cate montmorillonite were synthesized and evaluated as anode electrocatalysts for polymer
electrolyte membrane electrolysis cells (PEMECs). The test series prepared via the sol–gel
method consisted of samples with 30 wt. % total metal content and varying Ir:Sn ratio. The
performed X-ray diffraction analysis and high-resolution transmission electron icroscopy
registered very fine nanostructure of the composites with metal particles size of 2–3 nm
homogeneously dispersed on the support surface and also intercalated in the basal space of
its layered structure. The electrochemical behavior was investigated by cyclic voltammetry
and steady-state polarization techniques. The initial screening was performed in 0.5 M
H2SO4. Then, the catalysts were integrated as anodes in membrane electrode assemblies
(MEAs) and tested in a custom-made PEMEC. The electrochemical tests revealed that the
catalysts with Ir:Sn ratio 15:15 and 18:12 wt. % demonstrated high efficiency toward the
oxygen evolution reaction during repetitive potential cycling and sustainable performance
with current density in the range 140–120 mA cm−2 at 1.6 V vs. RHE during long-term
stability tests. The results obtained give credence to the studied IrSn/MMT nanocomposites
to be considered promising, cost-efficient catalysts for the oxygen evolution reaction (OER).

Keywords: PEM water electrolysis; oxygen evolution reaction; non-carbon catalytic
supports; montmorillonite; iridium; tin; low noble-metal loading

1. Introduction

The electrolysis of water in cells with a polymer electrolyte membrane (PEMEC) is
one of the most advanced technologies for producing pure hydrogen. When powered by
electricity generated from renewable sources, it becomes a green, zero-emission, environ-
mentally friendly process. However, a major challenge preventing the large-scale industrial
adoption of PEMEC technology is the still high cost due to the need for noble metal catalysts
from the platinum group (PGM) and the sluggish kinetics of the oxygen evolution reaction
(OER)—one of the most widely studied reactions in the field of electrocatalysis [1,2]. In this
context, heterointerface engineering has emerged as a promising strategy for addressing
anodic intrinsic activity limitations, with a recent study reporting a RuIrOx–CeO2 ternary
heterostructured catalyst featuring a strong-coupled interface that achieved impressive
activity and long-term stability at high current densities [3]. On the cathode side, where the
hydrogen evolution reaction (HER) occurs, a strongly electronically coupled Co@V–WOx

material with an amorphous nanosheet morphology is presented. It is synthesized via
a one-step electrodeposition method and demonstrates a Faradaic efficiency exceeding
92.8%, indicating enhanced catalytic activity compared to pure Pt-based catalysts [4]. The

Inorganics 2025, 13, 210 https://doi.org/10.3390/inorganics13070210
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OER takes place at high potentials, and when combined with intensive gas evolution, high
humidity, and elevated temperatures, it creates harsh operating conditions. These condi-
tions lead to the gradual degradation of the classical carbon-based catalytic supports due to
oxidation and corrosion of carbon. To address these challenges, extensive research over the
past decades has been focused on developing novel, corrosion-resistant, and cost-efficient
OER catalysts.

It is well established that IrO2 is the most effective catalyst for OER in acidic media,
offering high activity and stability under extreme operating conditions. However, as
precious metal oxide, IrO2 is prohibitively expensive for large-scale industrial PEMEC
applications, limiting its widespread use [5].

Various efforts have been made, and new strategies have been developed to reduce
catalyst costs. One approach involves enhancing the catalytic activity by synthesizing
nanosized noble metal oxides with a highly developed surface area [6,7], thus increasing
the number of active sites for OER and reducing the catalyst loading without compromising
the process efficiency.

Another strategy is the use of high-surface-area catalytic supports, which help to
minimize nanoparticle agglomeration, thereby improving catalyst utilization [8]. More
recent research has focused on reducing noble-metal loading by developing mesoporous
metal oxide films [9,10] and multi-component catalysts. Some of these catalysts exhibited
higher electrocatalytic activity, enhanced selectivity, and stability through the realization of
synergetic effects [11]. The low-cost, multi-component OER electrocatalysts are typically
synthesized by combining IrO2 with one or more less expensive metal oxides, such as
SnO2, Sb2O5-SnO2, Ta2O5, and TiO2 [12–17]. Among these, IrO2–SnO2 mixtures have been
widely studied for their performance in oxygen evolution reactions under acidic conditions,
in part due to the structural similarities between the two oxides. Tin, in the form of SnO2,
is commonly used as a second component due to its chemical stability under acidic media,
favorable electronic properties, and compatibility with the IrO2 structure [1,14,18,19].

In our previous study [20], we reported montmorillonite (MMT) as an alternative
to conventional carbon materials for application as an anode catalytic support in hy-
drogen generation via electrochemical water splitting. MMT is a natural non-carbon
phyllosilicate mineral—aluminosilicate from the smectite group with general formula
(Na,Ca)0.33(Al,Mg)2(Si4O10) (OH)2•nH2O and a complex plate-shaped layered structure
with 2:1 type sheets. It has demonstrated high surface reactivity, cation exchange capacity,
and capability to intercalate metal ions, such as Fe, Cu, Ir, etc., in the interlayer basal space.
The material is also characterized by large surface area, chemical stability, commercial
availability, and low-cost—advantages, making it the most widely used layered silicate in
nanocomposite fabrication [21,22].

Figure 1 presents a visualization of the MMT structure, obtained through the density
functional theory (DFT) calculations using the projector augmented wave (PAW) method
with the Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional.

The recent study focuses on the preparation of novel bimetallic Ir-Sn catalysts de-
posited on MMT and the investigation of their structure, electrochemical performance, and
stability as oxygen evolution electrocatalysts for PEMECs.
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Figure 1. DFT visualization Montmorillonite structure.

2. Results and Discussion

2.1. Structural Characterization

The sol–gel process used to prepare the IrSn/MMT catalysts is a widely used wet
chemical technique for synthesizing materials, particularly metal oxide nanoparticles. This
method is cost-effective and operates at a low reaction temperature, allowing precise control
over the chemical composition of the final products [23].

X-ray diffraction patterns (XRD) obtained to assess the phase composition and crys-
tallinity of the synthesized composite materials are shown in Figure 2. In the pattern of
the sample with 10 wt. % Ir (Ir10Sn20/MMT), only the support was identified, meaning
that Ir, Sn (and/or their oxides) are in an amorphous state. For the catalysts with a higher
content of Ir, besides MMT, a non-destructed Ir-acac was also registered. The presence of
organic residues in the catalysts can be minimized by conducting the synthesis at higher
temperatures (300 ◦C). However, our previous studies have demonstrated that such ele-
vated temperatures promote particle agglomeration and growth of Ir nanoparticles [20,24].
Larger particles and agglomeration result in a significant reduction in the electrochemically
active surface area, which in turn leads to lower current densities and impaired electrocat-
alytic efficiency. Therefore, despite the incomplete removal of ligands, a temperature of
240 ◦C was chosen as optimal to ensure the maintenance of a very fine nanostructure with
metal particles sized 2–3 nm, homogeneously dispersed on the support surface and also
intercalated in the basal space of its layered structure.

In all tested catalysts, the (001) diffraction peak of MMT is shifted to smaller 2θ angles
in regard to the pure MMT from 8.03◦ to 7.00◦ (Figure 2b). Such a displacement corresponds
to an increase in the interlayer spacing of MMT from 1.1 nm to 1.26 nm. The observed
effect has been reported previously [20] and is related to the intercalation of foreign cations,
in this case, Ir, Sn, and/or their complexes in the MMT basal space [25,26].

The broad peak registered at 40.283◦ could be prescribed to Ir (111), although (as seen
in Figure 3) it is shifted to lower 2Θ angles compared to pure Ir iridium (2Θ = 40.662◦,
PDF#06-0598). Alternatively, this shift might be due to the formation of an IrSn2 alloy
having the strongest diffraction line (220) positioned at 2Θ = 40.217◦ (PDF#65-2987). The
presence of oxides in an amorphous state is also not excluded. More accurate phase
identification is hampered by the wide overlapping peaks of the different phases. The size
of the crystallites determined by Scherrer equation [27] was very small, 2 nm.
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Figure 2. (a) XRD patternsand, (b) the enlarged XRD patterns from 6◦ to 9◦ of IrSn/MMT catalysts,
pure MMT, Ir-acac and bar-gram of Ir-acac precursor according Inorganic Crystal Structure Database
(ICSD, PDF#23-1711).

Figure 3. Comparison of XRD patterns of Ir18Sn12/MMT, Ir30/MMT, and MMT, inset graph show
the zoom-in (34◦–45◦) XRD patterns.

A more detailed examination of catalyst morphologies was performed using High-
Resolution Transmission Electron Microscopy (HRTEM). The results from the HRTEM
analysis of the sample Ir18Sn12/MMT are presented in Figure 4. They reveal the presence
of very small nanoparticles of both metals homogeneously distributed into the structure of
the supporting montmorillonite.

As shown in Figure 4a, the pristine MMT exhibits a smooth layered surface, character-
istic of its nanoplatelet structure. From the HRTEM images of the Ir18Sn12/MMT sample
displayed in Figure 4b,c, small black dots scattered across the MMT surface and between
the layers are seen, proving the presence of evenly distributed particles.
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(a) (b)

(c)

Figure 4. HRTEM images of (a) pure MMT and (b,c) Ir18Sn12/MMT70 catalyst.

According to these figures, the metal nanoparticles have sizes in the range of 1–2 nm,
which is in full accordance with the XRD data. The sheet structure of montmorillonite is
clearly observed in Figure 4b, indicating that the nanoparticle deposition did not disrupt
the basic structure of the MMT support. The HRTEM results are very well in line with the
information obtained from the elemental EDX mapping presented in Figure 5.

Figure 5. Elemental mapping images and EDX data of Ir18Sn12/MMT70.
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2.2. Electrochemical Characterization

Anodes containing the synthesized bimetallic IrSn/MMT catalysts were first inves-
tigated in 0.5 M H2SO4. Anodic polarization curves were recorded for each catalyst to
evaluate their electrochemical behavior during OER. In Figura 6a, the measured currents
are normalized to the geometric surface area of the working electrode. The OER starts at
approximately 1.3 V vs. Ag/AgCl for the Ir18Sn12/MMT and Ir15Sn15/MMT catalysts,
whereas for Ir10Sn20MMT and Ir20Sn10/MMT, the OER begins at more positive potentials
of around 1.4 V vs. Ag/AgCl.

Potentiostatic polarization tests at a constant potential of 1.8 V were performed to
investigate the stability of each catalyst (Figure 6b). For all tested samples, the current
density decreases rapidly at the beginning of the test and then gradually reaches stable
values. It is seen that the OER is more intensive on the catalysts with a balanced Ir:Sn
ratio (15:15, 18:12). This could be attributed to the beneficial synergetic effect between Sn
and Ir at these ratios, combined with better dispersion of the metal nanoparticles on the
support and as a result, higher number of active sites at the electrolyte/catalyst surface
and increased efficiency toward the OER. In contrast, the catalysts with Ir content of
10 wt. % and 20 wt. % Ir exhibits a decreased reaction rate, which is due to less active
sites on the catalyst’s surface. For Ir10Sn20/MMT, this is due to a lower content of Ir—the
more active catalyst component, while for Ir20Sn10/MMT, most probably agglomeration
of metal nanoparticles commences.

(a) (b)

Figure 6. Electrochemical performance of the prepared catalysts in 0.5 M H2SO4 at room temperature:
(a) Linear sweep voltammetry with a scan rate of 1 mV s−1; (b) Potentiostatic polarization curves at
1.8 V vs. Ag/AgCl.

To investigate the catalyst performance in a PEM electrolysis cell with Nafion
117 proton exchange membrane, MEAs were prepared using the synthesized samples
as anode catalysts. Initially, the electrochemical performance was evaluated using cyclic
voltammetry (CV), a well-known, highly informative, and surface-sensitive electrochem-
ical method for fast screening in that each electrode material responds with a unique
CV spectrum.

Figure 7 presents the cyclic voltammograms of IrSn/MMT catalysts integrated into
MEAs and tested in PEMEC at room temperature.
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Figure 7. Cyclic voltammograms of the catalysts under study in PEM cell at room temperature,
potential scan rate 100 mV s−1, metal loading 0.5 mgIrSncm−2; 200th cycle.

A typical feature of Ir is its ability to be activated when subjected to prolonged potential
cycling in the “water window” potential range [24]. Therefore, for better comparison, the
curves shown in Figure 7 present the 200th cycle for each sample. All CV curves exhibit
broad waves resulting from redox reactions of the active surface species being oxidized
or reduced—processes often accompanied by proton exchange between the metal oxide
and the electrolyte [28,29]. The shape of the CVs and the potential range where the
redox waves appear suggest that the proceeding electrochemical reactions are associated
with transformations between different Ir oxidation states (Ir3+/Ir4+ and/or Ir4+/Ir5+) [7]
overlapped with changes in the valent state of Sn. Although the shape and area of CVs
are similar for all tested samples, it can be seen that the redox peaks have the most distinct
couture on the Ir15Sn15/MMT sample, suggesting better homogeneity of the catalyst
structure, while the area under the CV is broader for the Ir18Sn12/MMT sample, implying
higher charge transfer capacity.

All IrSn/MMT catalysts were evaluated at elevated temperatures in the range of
20 to 80 ◦C. Figure 8 presents the results for the Ir18Sn12/MMT catalyst, which showed the
highest electrochemically active surface during the CV tests at room temperature.

The increase in the operating temperature results in a lower open-circuit voltage
(OCV) and enhanced reaction rate, resp. decreased kinetic losses attributed to the lower
activation energy of the OER [30]. As the measurement temperature increases, a significant
expansion of the area under the cyclic voltammetry curves is observed (Figure 8a), which is
induced by electrochemical and thermal activation of the catalysts, exposure of additional
electroactive sites either from the catalyst bulk and/or by increasing the interparticle
porosity. Additionally, a shift in the onset potential for oxygen evolution to lower values
was noted with the rising temperature, indicating further catalyst activation (Figure 8b).

To compare the OER efficiency of all prepared catalysts, low-sweep voltammetry
tests were conducted. Figure 9 presents the polarization curves for Ir15Sn15/MMT,
Ir18Sn12/MMT, and Ir20Sn10/MMT alongside the previously reported Ir30/MMT [20]
at 80 ◦C. The curve of commercial unsupported IrOx was also recorded and shown
for comparison.
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(a) (b)

Figure 8. Electrochemical performance of the catalyst Ir18Sn12MMT in PEMEC at 20 ◦C, 40 ◦C and
80 ◦C: (a) Cyclic voltammetry at a potential scan rate of 100 mV s−1; (b) Anodic polarization curves
at a potential scan rate of 1 mV s−1.

(a) (b)

Figure 9. Comparison of the bimetallic catalysts IrSn/MM, Ir30/MMT, and commercial IrOx catalysts
performance in PEM single cell at 80 ◦C. (a) Linear sweep voltammetry (LSV) curves at a scan rate of
1 mV s−1; (b) Tafel slopes corresponding to (a).

The data obtained from the tests at 20 ◦C and 80 ◦C are summarized in Table 1. They
confirm the improved efficiency of all catalysts at elevated temperatures. The overpo-
tentials at 20 ◦C are nearly twice as high as those at 80 ◦C. Among the tested samples,
Ir15Sn12/MMT and Ir18Sn12/MMT outperformed the others, particularly in terms of
overpotential at a given current density. For instance, at 80 ◦C and 10 mA·cm−2, the
Ir18Sn12/MMT electrode exhibits the lowest OER overpotential of 148 mV, while the over-
potentials for Ir15Sn15/MMT, Ir20Sn10/MMT, and Ir30/MMT under identical conditions
are 164 mV, 290 mV, and 195 mV, respectively.
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Table 1. Summary of oxygen evolution reaction performance of the tested samples in PEM electrolysis
cell at 20 ◦C and 80 ◦C.

Temperature 20 ◦C 80 ◦C

Samples
η/mV
at j = 1

mA.cm−2

E(OER) V
at j = 1

mA.cm−2

Tafel Slope
mV.dec−1

j/mA
at 1.8 V

η/mV
at j = 10

mA.cm−2

E(OER) V
at j = 10

mA.cm−2

Tafel Slope
mV.dec−1

j/mA
at 1.6 V

Ir15Sn15/MMT 407 1.63 120 12.3 164 1.39 79 240

Ir18Sn12/MMT 344 1.57 180 12.8 148 1.37 90 220

Ir20Sn10/MMT 390 1.62 170 8.1 290 1.52 140 14

Ir30/MMT --- --- 240 6.9 194 1.42 125 65

IrOx 250 nm 0 1.23 70 -

The calculated Tafel slopes (b) for Ir15Sn15/MMT (79 mV·dec−1) and Ir18Sn12/MMT
(90 mV·dec−1) are comparable to that of commercial unsupported IrOx (70 mV·dec−1),
indicating that these catalysts possess more favorable kinetics for the oxygen evolution
reaction (OER). The observed improvement in OER efficiency is attributed to the formation
of small, well-dispersed metal nanoparticles, as clearly observed by HRTEM analysis
(Figures 4 and 5). This results in an increased electrochemically active surface area available
for the reaction.

Finally, to evaluate the durability of the catalytic performance, a membrane elec-
trode assembly (MEA) with an Ir18Sn12/MMT anode catalyst was subjected to a 2 h
chronoamperometry test at a constant potential of 1.6 V vs. RHE. The initially recorded
current density of 140 mA·cm−2 during the first hour gradually decreased, then stabilized
at approximately 120 mA·cm−2, fluctuating slightly around this value until the end of
the experiment (Figure 10). Further in-depth studies are required to thoroughly evaluate
the long-term stability of the MEA incorporating the synthesized catalysts, which will
help provide a more comprehensive understanding of their durability under extended
operating conditions.

Figure 10. Potentiostatic polarization curve of Ir18Sn12/MMT at 1.8 V vs. RHE, Tcell = 80 ◦C for 2 h.

3. Materials and Methods

3.1. Materials

Tin (II) acetylacetonate (Sn-acac) (99,9% trace metals basis), isopropanol (99.5%) and
sulfuric acid were purchased from Sigma-Aldrich (St. Louis, MO, USA). The Iridium
(III) 2,4-pentanedionate (Ir-acac) (Ir 37.5% min), Toray paper (GP-H-30), and Nafion D250
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solution (5 wt. %) were purchased from Alfa Aesar (Ward Hill, MA, USA). The Nafion 117
membrane was purchased from DuPont Engineering Polymers (Wilmington, DE, USA).
The commercial gas diffusion electrode (GDE) with Pt/C catalyst (20 wt. %) was purchased
from Johnson Matthey (London, UK). The MMT (Cloisites Na+) was purchased from
Southern Clay Products Inc. (Gonzales, TX, USA). All chemicals were used as received
without further purification.

3.2. Synthesis of IrSn/MMT Electrocatalysts

Four different Ir:Sn/MMT samples with 30 wt. % total metal content and varying Ir:Sn
ratio (denoted Ir20Sn10/MMT, Ir18Sn12/MMT, Ir15Sn15/MMT, and Ir10Sn20/MMT))
were synthesized through a modified sol–gel method. The calculated amounts of Ir-acac,
Sn-acac, and MMT were mixed and dispersed in 20 mL isopropanol, followed by 2 h
sonication at 60 ◦C until a fine gel was obtained. Then, the resulting gel was placed in a
quartz mortar and thermally treated in a tube furnace under a hydrogen atmosphere. The
tube was first purified by purging with Ar for 10 min, and then a reducing atmosphere was
established by introducing H2 gas for 30 min. Afterward, the system was sealed, and the
temperature was gradually increased with a heating rate of 20 ◦C min−1 to 240 ◦C and kept
constant for 2 h to remove the organics and obtain MMT-supported metal nanoparticles.

3.3. Physicochemical Characterization of the Electrocatalysts

The morphology and distribution of Ir and Sn particles on the substrate were observed
by High Resolution Transmission Electron Microscopy (HRTEM) and Energy Dispersive
X-ray Spectrometry (EDX). HRTEM images were recorded using a JEOL JEM-2100 trans-
mission electron microscope (JEOL Ltd., Tokyo, Japan) equipped with an XEDS system
(X-MAXN 80T) fromOxford Instruments (Abingdon, Oxfordshire, UK) and a CCD Camera
(ORIUS 1000, 11 Mp) from Gatan Inc. (Pleasanton, CA, USA) operated at an accelerat-
ing voltage of 200 kV. Image analysis was performed using Digital Micrograph software.
(Version 3.32, Gatan Inc., USA)

X-ray diffractor (XRD) measurements were carried out using a Philips ADP15 diffrac-
tometer (Philips Analytical, Eindhoven, Netherlands) with Cu-Kα radiation (λ = 1.54178 Å)
at a constant rate of 0.02◦s−1 over an angle range 2θ = 4◦ ÷ 80◦.

3.4. Electrochemical Measurements

All electrochemical measurements were performed using Gamry Reference 3000
Potentiostat/Galvanostat (Gamry Instruments, Warminster, PA, USA). The activity and
stability of the prepared IrSn/MMT catalysts toward OER were characterized firstly in
a three-electrode glass cell using an aqueous solution of 0.5 M H2SO4 as electrolyte. Pt
wire was used as a counter electrode and saturated Ag/AgCl electrode as a reference
electrode. The metal loading in all samples was 0.5 mgIrSncm−2, and the working area
of the test electrodes—0.5 cm−2. The anodic OER steady-state polarization curves in
Ar saturated electrolyte were recorded to assess the OER activity of the catalysts. The
potential was scanned from the open circuit (OC) potential to 1.8 V at a scan rate of 1 mV
s−1. Chronoamperometry experiments at a constant potential of 1.8 V were conducted to
evaluate the long-term stability of the catalysts.

3.5. Assembly of MEA and PEMEC Tests

The bimetallic IrSn/MMT catalyst ink and membrane electrode assemblies (MEAs)
were prepared following a previously reported procedure [7,19]. Briefly, the synthesized
catalyst was mixed with a 5 wt. % Nafion® dispersion (used as an ionomer) and isopropanol
as the solvent. The resulting ink was manually coated onto carbon paper gas diffusion
layers (GDL). The metal loading was maintained at 0.5 mgIrSn·cm−2 for all samples.
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The prepared electrodes were then integrated as anodes in MEAs using a Nafion®

117 membrane (Alfa Aesar) as the polymer electrolyte. The cathode and reference electrodes
were cut from a commercial gas diffusion electrode (GDE) containing a carbon-supported
platinum catalyst (20 wt. % Pt/C, 0.2 mgPt·cm−2). Finally, these electrodes were hot-
pressed onto the membrane to complete the assembly.

The catalytic performance was evaluated using a custom-made single-cell PEM elec-
trolyzer with an active area of 1 cm2. Experiments were performed at both room tem-
perature and elevated temperatures ranging from 40 to 80 ◦C. Cyclic voltammograms
(CVs) were recorded between the hydrogen and oxygen evolution regions at a scan rate of
100 mV·s−1. Additionally, linear sweep voltammograms (LSVs) were collected at a scan
rate of 1 mV·s−1. Catalyst durability was assessed via chronoamperometry at a constant
potential of 1.6 V vs. RHE.

4. Conclusions

Nanostructured bimetallic IrSn/MMT composites were successfully synthesized and
evaluated as anode catalysts for the electrolysis of water in PEMEC. Structural charac-
terization using XRD and HRTEM revealed homogeneous dispersion of both Ir and Sn
nanoparticles on the surface of the support as well as intercalation in the interlayer space
of the MMT.

The electrochemical investigations demonstrated that the samples with a balanced
metal ratio, namely Ir18Sn12/MMT and Ir15Sn15/MMT, exhibit superior OER efficiency
with lower overpotential and smaller Tafel slopes compared to the other compositions. The
MEA with Ir18Sn12/MMT anode achieved the highest performance with a sustainable
current density of around 120 mA.cm−2 at only 1.6 V in a long-term stability test in
comparison with other presented samples.

Overall, the results indicate that optimizing the Ir:Sn ratio leads to a synergistic
effect that enhances catalytic efficiency in PEM electrolysis. The superior performance of
Ir18Sn12/MMT and Ir15Sn15/MMT positioned them as cost-effective alternatives to pure
Ir catalysts for OER application in PEMECs. Although the exact mechanism behind the
observed synergetic interactions between Ir and Sn and their intercalation in the complex
layered structure of the catalytic support is not yet fully understood, the results proved
enhanced catalyst utilization, efficiency, and stability under operating conditions in PEMEC.
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Abbreviations

The following abbreviations are used in this manuscript:

PEMEC Polymer electrolyte membrane electrolysis cell
HRTEM High resolution transmission electron microscopy
EDX Energy-dispersive X-ray spectrometry
XRD X-ray diffraction patterns
MEA Membrane electrode assembly
OER Oxygen evolution reaction
RHE Reference hydrogen electrode
PGM Platinum group metal
MMT Montmorillonite
DFT Density functional theory
PAW Projector augmented wave
PBE Perdew-Burke-Ernzerhof
GDE Gas diffusion electrode
OC Open circuit
OCV Open-circuit voltage
LSV Linear sweep voltammetry
CV Cyclic voltammograms
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Abstract: The electrochemical oxidation of biomass-derived 5-hydroxymethylfurfural
(HMF) coupled with water electrolysis for green hydrogen production is a promising strat-
egy to address energy crises and environmental pollution. Despite the suitable adsorption
energy for HMF due to their partially filled d-band electronic structures, Ni- or Co-based
oxides/hydroxides still face challenges in insufficient activity and stability. In this study, a
porous heterogeneous nickel cobalt oxide/hydroxide growth on nickel foam (NF), which is
defined as NF@NiCo-H/O, was developed via immersion in concentrated alkali solution.
Compared with the single-component NiCo oxides, the NF@NiCo-H/O catalyst exhibits a
lower application potential of only 1.317 V, 1.395 V, and 1.443 V to achieve current densities
of 20, 50, and 100 mA cm−2, respectively, in an alkaline solution containing HMF. Addi-
tionally, it demonstrates rapid reaction kinetics with a Tafel slope of 27.6 mV dec−1 and
excellent cycling stability. Importantly, the presence of more high-valent Ni3+-O species on
the catalyst surface contributes to its exceptional selectivity for 2,5-furandicarboxylic acid
(86.7%), Faradaic efficiency (93.1%), and conversion rate (94.4%). This catalyst provides
some theoretical guidance for the development of biomass electrooxidation catalysts for
sustainable energy and chemical production.

Keywords: 5-hydroxymethylfurfural; heterogeneous catalyst; nickel–cobalt compounds;
electrochemical performance; active species

1. Introduction

In the context of dwindling global fossil fuels and the transition to green energy,
the oxidation reaction of 5-hydroxymethylfurfural (HMF) has emerged as a sustainable
biomass conversion technology of significant research importance [1]. As a renewable
biomass platform molecule, HMF can be oxidized to produce 2,5-furandicarboxylic acid
(FDCA), a high-value chemical that serves as an alternative to traditional petrochemical
feedstocks [2]. The electrochemical oxidation of HMF (HMFOR) to FDCA not only enables
the efficient utilization of biomass resources but also reduces energy consumption when
coupled with water electrolysis for hydrogen production [3]. Moreover, compared to
traditional water electrolysis, the HMF electro-oxidation process features lower oxidation
potentials and faster reaction kinetics, which enhance hydrogen production efficiency and
mitigate potential safety risks [1,2]. Therefore, the in-depth investigation of the surface
and interfacial structures of HMFOR catalysts, as well as their reaction mechanisms, is of
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significant importance for promoting the electrochemical upgrading of biomass and the
development of sustainable energy.

At present, the large-scale commercialization of electrochemical oxidation of HMF to
produce FDCA faces many severe challenges. The construction of high-performance and
cost-effective electrocatalysts is one of the key challenges to address the above-mentioned
challenges. A variety of non-noble metal electrocatalysts, including metal oxides (ox-
ides [4,5], hydroxides [6,7], oxyhydroxides [8,9]), sulfides [10,11], phosphides [12,13], car-
bides [14,15], and metal complexes [16,17], have been developed and their structure–activity
relationships have been investigated. In particular, NiCo-based electrocatalysts with abun-
dant 3d electrons and easily tunable eg orbitals can effectively manage the covalency of
metal–oxygen bonding, thereby optimizing the adsorption/desorption behavior of HMF
and other intermediates, reducing the protonation/deprotonation energy barriers of active
Ni sites, and significantly improving the performance of HMFOR [18]. For example, Liu
et al. developed benzoyl ligand-doped NiCo(OH)X nanowires (BZ-NiCo(OH)X), which
have abundant electron-deficient Ni/Co sites for high-performance HMFOR [19]. Li et al.
found that NiCo2O4 nanosheets with low Co/Ni ratios can provide more active sites,
which are kinetically favorable for enhancing the intrinsic catalytic activity of HMFOR
and the selectivity of FDCA products (98.6%) [20]. Yang et al. found that the introduction
of F dopants into NiCo2O4 to form oxygen vacancies led to crystal structure expansion,
increased electron density, and weakened metal–oxygen bonds, ultimately promoting
HMF adsorption [21]. Liu et al. introduced Pd nanoclusters into the NiCo surface to
obtain Pd/NiCo catalysts; the Pd atoms promoted the formation rate of active Ni3+-O
species, thereby enhancing the hybridization adsorption of Pd’s d orbitals with the furan
ring of HMF [22]. The above reports indicate that the current research on HMF catalysts
is primarily focused on the structural and performance regulation of single NiCo-based
oxides or hydroxides. However, the impact of NiCo dual-species hybrids or heterogeneous
compounds on the performance and mechanism of HMFOR remains underexplored.

In this work, the partial transformation of NiCo2O4 grown on nickel foam (NF) into
NiCo(OH)2 was achieved via immersion in concentrated alkali solution, resulting in a
heterogeneous structure with partial conversion from NiCo2O4 to NiCo(OH)2. This process
was confirmed to introduce a greater number of oxygen vacancies in the catalyst compared
to the pristine NiCo2O4. The partial conversion of NiCo2O4‖NiCo(OH)2 was verified
by TEM, SEM, and XPS. Further electrochemical performance evaluations revealed that
the NF@NiCo-H/O catalyst exhibited rapid HMFOR reaction kinetics, enhanced catalytic
activity, stability, and superior FDCA selectivity in an alkaline electrolyte containing HMF.
Raman spectroscopy of the NF@NiCo-H/O catalyst before and after the HMFOR reaction
demonstrated that the resulting heterogeneous catalyst possessed a higher concentration of
high-valent and HMFOR-active Ni3+-O species compared to the NiCo2O4 catalyst, which
is conducive to achieving high HMFOR performance.

2. Results and Discussion

2.1. Characterization of Structure

Figure 1a illustrates the synthetic scheme of the NF@NiCo2O4 and NF@NiCo-H/O
catalysts. The partial substitution of oxygen atoms in NiCo2O4 with OH− ions from a
concentrated alkaline solution to form NiCo(OH)2 is based on the fact that solids at the
nanoscale can undergo flexible anion or cation exchange processes. Consequently, as
shown in Equation (1), when metal cations in a metal oxide are in a solution with a high
concentration of ligand molecules (L, i.e., OH−), the O2− ions will exchange with L to form
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hydroxides. By controlling the reaction time, the heterogeneous NF@NiCo-H/O catalyst
can be formed.

MxOy + OH− → xMOH(2y−1)+ + yO2− (1)

 

Figure 1. (a) Schematic illustration of the synthesis of the NF@NiCo-H/O. SEM images of the
(b) NF@NiCo2O4 and (e) NF@NiCo-H/O, with insets showing the corresponding magnified images.
TEM images for NF@NiCo2O4 with (c) low- and (d) high-magnification. TEM images for NF@NiCo-
H/O with (f) low- and (g) high-magnification TEM.

As shown in the SEM image in Figure 1b, NF@NiCo2O4 is densely grown on the NF
substrate, and the initial NiCo2O4 exhibits a 2D porous sheet morphology at the micrometer
scale. This porous sheet structure is expected to expose a greater number of accessibly
active sites. In sharp contrast, after the concentrated alkali reaction, the O2− ions in the
NiCo2O4 crystals spontaneously exchange with OH− ions, leading to the formation of
NiCo(OH)2 on the surface of the NiCo2O4 crystals and ultimately resulting in the hetero-
geneous NF@NiCo-H/O. The SEM image in Figure 1e displays the 2D sheet morphology
of NF@NiCo-H/O. Compared with NF@NiCo2O4, the surface of NF@NiCo-H/O appears
rougher overall. The TEM image of NF@NiCo2O4 shown in Figure 1c reveals that the
micrometer-scale NF@NiCo2O4 is composed of many small NiCo2O4 particles that are
piled up, with numerous gaps between the particles, which is beneficial for the rapid mass
transfer of electrolytes and other reactive substances. The high-magnification HRTEM im-
age shows a lattice spacing of 0.288 nm, corresponding to the (220) crystal plane of NiCo2O4,
indicating that the prepared NF@NiCo2O4 has a good crystalline structure (Figure 1d). In
stark contrast to the formation of NF@NiCo2O4, the TEM image of NF@NiCo-H/O shows
many crystals with lower contrast (Figure 1f), attributed to the formation of NiCo(OH)2. In
addition, many small nanoparticles are present on the surface of NiCo(OH)2. The HRTEM
image further indicates that these small nanoparticles are composed of NiCo2O4 with
lattice spacings of 0.469 nm and 0.236 nm (Figure 1g). These characterizations demonstrate
that after concentrated alkali treatment, the NiCo2O4 catalyst is partially transformed into
NiCo(OH)2, that is, the formation of the heterogeneous NiCo(OH)2‖NiCo2O4 catalyst.
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X-ray diffraction (XRD) was employed to conduct the crystalline analysis of the syn-
thesized catalysts. Owing to the growth of NiCo2O4 and NiCo(OH)2/NiCo2O4 catalysts
on the highly conductive NF surface, severe Ni characteristic diffraction peaks from the NF
substrate were generated during the PXRD test, thereby masking the characteristic diffrac-
tion peak signals of the NiCo2O4 and NiCo(OH)2/NiCo2O4 catalysts grown on its surface.
To obtain better PXRD signals, NF@NiCo2O4 and NF@NiCo-H/O were first subjected to
thorough ultrasonication in ethanol, followed by centrifugation, drying, and collection to
obtain the corresponding powders. As shown in Figure 2a, a series of diffraction peaks
appeared for NF@NiCo2O4 powder at 18.9◦, 31.1◦, 36.7◦, 38.4◦, 44.6◦, 55.4◦, 59.1◦, 64.9◦,
68.3◦, and 77.5◦, which correspond to NiCo2O4 of PDF#20-0781, indicating that NiCo2O4

was well grown on the NF surface. For the NF@NiCo-H/O, a series of NiCo2O4 diffraction
peaks of PDF#20-0781 still existed, demonstrating the presence of NiCo2O4 on its surface.
However, the intensity of the NiCo2O4 diffraction peaks decreased, suggesting a reduction
in the amount of NiCo2O4. Moreover, a sharp peak appeared at 10.2◦, corresponding to the
(001) plane of NiCo(OH)2, which further indicated that the decreased NiCo2O4 diffraction
peak signals were due to the successful partial transformation of NiCo2O4 into NiCo(OH)2.

 

Figure 2. NF@NiCo2O4 catalyst and the NF@NiCo-H/O of (a) PXRD patterns, (b) FT-IR spectra.
(c–f) XPS spectrum of (c) Co 2p, (d) Ni 2p, (e) O 1s, and (f) the proportion of different oxygen species.

As shown in Figure 2c, FT-IR spectra of NF@NiCo2O4 and NF@NiCo-H/O are re-
vealed. The broad peaks appearing at 3250–3600 cm−1 are attributed to the stretching
vibrations of interlayer bonded OH− in hydroxides or O–H vibrations of surface-adsorbed
water molecules [23]. The strong peak at 2330 cm−1 corresponds to the stretching vibrations
of CO2 in the air. The strong peak at 2193 cm−1 is associated with water molecules adsorbed
on the catalyst surface, while the bending vibration signal of adsorbed water is observed
at 1645 cm−1 [24]. The small peak at 1380 cm−1 is attributed to the bending vibration of
nitrate anions intercalated in the hydroxide layers [25]. Compared with the NF@NiCo2O4,
the signal intensities of the peaks at 3460, 1645, and 1380 cm−1 for NF@NiCo-H/O are
enhanced, which, once again, confirms the successful preparation of the heterogeneous
catalyst. The surface composition and elemental valence states of the catalysts were an-
alyzed using XPS spectra. As shown in Figure 2c, both catalysts exhibit Co3+ (778.9 eV),
Co2+ (780.7 eV), and corresponding satellite peaks (787.9 eV). However, NF@NiCo-H/O
shows a lower Co3+/Co2+ peak ratio (1.02) compared with the NF@NiCo2O4 (1.17), sup-
porting the reduction of high-valent Co3+ species in NF@NiCo-H/O. For the metal Ni
element (Figure 2d), both catalysts exhibit significant Ni3+ (854.1 eV), Ni2+ (855.7 eV), and
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satellite peaks (860.9 eV). Importantly, the Ni3+/Ni2+ peak ratio significantly increases
from 0.74 (NF@NiCo2O4) to 1.26 (NF@NiCo-H/O). This decrease in the valence state of
Co and increase in that of Ni indicate that partial electron transfer (PET) occurs within the
NF@NiCo-H/O crystal, that is, from Co to Ni. The occurrence of this PET also promotes
the formation of high-valent active Ni3+ species, supporting high-performance HMFOR.

2.2. Performance of HMFOR

The HMFOR and OER performance of NF@NiCo2O4 and NF@NiCo-H/O were eval-
uated in 1.0 M KOH electrolyte with and without 50 mM HMF using a three-electrode
system. Figure 3a shows the linear sweep voltammetry (LSV) curves, with the solution
without HMF serving as the control. As shown in Figure 3b, NF@NiCo-H/O required only
1.317 V, 1.395 V, and 1.443 V to achieve current densities of 20 mA cm−2, 50 mA cm−2,
and 100 mA cm−2, respectively, which are significantly lower than those of NF@NiCo2O4

(1.413 V, 1.458 V, and 1.514 V). Moreover, NF@NiCo-H/O achieved a limiting current
density of 380 mA cm−2 at a voltage of 1.7 V, which is notably higher than that of the
NF@NiCo2O4 catalyst (250 mA cm−2). Compared with the OER performance in 1.0 M KOH
electrolyte without 50 mM HMF, the HMFOR performance of both NF@NiCo-H/O and
NF@NiCo2O4 catalysts was significantly superior to their OER performance. Specifically,
the potential difference between HMFOR and OER for the NF@NiCo-H/O catalyst at 100
mA cm−2 was 197 mV, while for the NF@NiCo2O4 catalyst at 20 mA cm−2, the HMFOR and
OER potential difference was 236 mV. In addition, the NF@NiCo-H/O catalyst outperforms
the recently reported non-noble metal catalysts (Figure 3f) [26–32], which also demonstrates
the great potential of heterogeneous NF@NiCo-H/O catalysts for HMFOR.

 

Figure 3. The NF@NiCo2O4 and NF@NiCo-H/O of (a) the LSV profiles, (b) the corresponding
potentials value for current density of 20, 50, 100 mA cm−2, (c) Tafel plot, (d) capacitive currents as a
function of scan rates, and (e) chronoamperometry measurement at 1.4 V. (f) Comparison of HMFOR
activity in this work [26–32].

The LSV curves and Tafel equation (η = a + b·logj) are employed to obtain the Tafel
slope, where η represents the overpotential, j denotes the current density, and the slope b
corresponds to the Tafel slope. A lower Tafel slope reflects a faster electron transfer or a more
facile kinetic nature of the chemical steps in the electrocatalytic reaction. The corresponding
Tafel plot in Figure 3c reveals that NF@NiCo-H/O possesses an extremely low Tafel slope
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(27.6 mV dec−1), which, compared with NF@NiCo2O4 (36.7 mV dec−1), supports the
notion that the heterogeneous NF@NiCo-H/O exhibits superior HMFOR catalytic kinetics
than that of single-component NiCo2O4. Furthermore, the electrochemical active surface
area (ECSA) of the as-prepared catalysts, an important parameter for assessing activity,
was estimated through double-layer capacitance (Cdl), which was determined by the
cyclic voltammetry curves with the different scan rates shown in Figure 3d. As shown in
Figure 3d, NF@NiCo-H/O exhibits a higher Cdl value (46.7 mF cm−2) than NF@NiCo2O4

(29.2 mF cm−2), supporting the presence of a heterogeneous interface and a large number
of high-valent Ni3+ species in NF@NiCo-H/O, which may be the reasons for the high
ECSA. The long-term durability of the two catalysts was also investigated. During a
chronoamperometry measurement at 1.4 V (in 1.0 M KOH electrolyte containing 50 mM
HMF, without replacing the electrolyte during the test). After a reaction process of 10,000 s,
the current density of NF@NiCo-H/O showed a decrease of 82.5% (Figure 3e). In sharp
contrast, NF@NiCo2O4 exhibited only an 11.8% decrease in current. HPLC analysis of the
electrolyte after the durability test revealed that the concentration of HMF in the electrolyte
of NF@NiCo-H/O was essentially close to 0 mM, while that of NF@NiCo2O4 was still
around 44 mM. The above durability results indicate that NF@NiCo-H/O can rapidly and
continuously oxidation HMF molecules. The above results on HMFOR activity and stability
suggest that the formation of a heterogeneous hybrid of NiCo(OH)2 and NiCo2O4 can
enhance the catalytic activity and stability of HMFOR than the single-component NiCo2O4.

The HMFOR was performed using NF@NiCo-H/O as the working electrode in an H-
type electrolysis cell with an anion exchange membrane to analyze the oxidation products
in detail. As shown in Figure 4a, the oxidation of HMF to FDCA typically involves two
potential pathways due to the coexistence of hydroxyl and aldehyde groups [1]. For
Pathway 1, the aldehyde group is preferentially oxidized to a carboxyl group to form
HMFCA [2]. In Pathway 2, the hydroxyl group is oxidized to an aldehyde group to
generate DFF [3]. Figure 4b,c shows that, as the reaction time progresses, the peak intensity
of HMF in the HPLC spectrum decreases (15 C), while the peak intensity of FDCA increases.
Meanwhile, the concentration of the product intermediate HMFCA first rises (not exceeding
1 mM) and then declines, eventually approaching zero. Additionally, a small amount of
FFCA intermediate was detected, while the signal for DFF was essentially zero. Therefore,
it is that this may be due to the rate of conversion of HMFCA to FFCA being slower than
the rate of conversion of FFCA to FDCA, leading to the accumulation of the HMFCA
intermediate until most of the HMF is consumed. This indicates that the oxidation of
HMFCA to FFCA may be the rate-determining step (RDS) in the HMFOR process.

To confirm the rate-determining step in the conversion of HMF to FDCA, we in-
vestigated the oxidation rates of HMF and its intermediate products. Assuming that the
oxidation process of HMF, HMFCA, and FFCA follows pseudo-first-order kinetics, the plots
of ln(C0/C) versus reaction time should be linear (Figure S3a–c). It was found that both the
NF@NiCo-H/O and NF@NiCo2O4 catalysts exhibited lower rate constants for the oxidation
of HMFCA compared to those for HMF and FFCA, further confirming that the conversion
of HMFCA to FFCA is the RDS in both catalysts. Interestingly, the NF@NiCo-H/O catalyst
showed significantly higher oxidation rates for HMF, HMFCA, and FFCA compared to
NF@NiCo2O4, with rate constants that were 2.42, 2.79, and 2.86 times higher, respectively.
This suggests that the reaction kinetics and RDS process of HMFOR are significantly im-
proved through the synergistic interaction between the heterojunction phases of NiCo2O4

and NiCo(OH)2. The above results indicate that the HMFOR process of NF@NiCo-H/O
belongs to Pathway I, that is, HMF→HMFCA→FFCA→FDCA. Notably, NF@NiCo-H/O
exhibits outstanding HMFOR performance at 1.424 V, with a high HMF conversion rate of
94.4%, an FDCA yield of 86.7%, a selectivity of 92.2%, and a Faradaic efficiency (F.E.) of
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93.1%. To investigate the cyclic durability of the catalyst, twelve consecutive cycles were
conducted at 1.424 V to assess the durability of the NF@NiCo-H/O catalyst. As shown in
Figure 4c and Figure S4, the selectivity of FDCA, the Faradaic efficiency, and the conversion
rate of HMF all remained above 85.8% after twelve cycles, demonstrating the excellent
stability of the NF@NiCo-H/O.

 

Figure 4. (a) Two pathways for the electrooxidation of HMF to FDCA. NF@NiCo-H/O catalyst
of (b) concentration changes of various intermediate products under different charge quantities,
(c) conversion rate of HMF, selectivity of FDCA, and Faradaic efficiency during twelve consecutive
HMF electrooxidation reactions at 1.424 V. (d) OCP measurement of NF@NiCo2O4 and NF@NiCo-
H/O. (e) Raman spectra of the NF@NiCo2O4 and NF@NiCo-H/O before and after chronoamperome-
try measurement.

In electrochemical reactions of biomass, the electrocatalytic activity is closely related
to the concentration, accessibility of active sites, and the adsorption capacity for organic
molecules [33]. During the HMFOR process, the adsorption of HMF molecules on the
electrode surface plays a crucial role in constructing an efficient HMFOR. Therefore, it
is of great importance to regulate the adsorption of HMF molecules. The adsorption of
HMF molecules on NF@NiCo2O4 and NF@NiCo-H/O was investigated using the open-
circuit potential (OCP) [4]. When 50 mM HMF was injected into a 1 M KOH solution,
the OCP drop of NF@NiCo-H/O (102 mV) was larger than that of NF@NiCo2O4 (47 mV),
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indicating that NF@NiCo-H/O has a stronger adsorption capacity toward HMF molecules
than NF@NiCo2O4 (Figure 4d). To further explore the catalytic mechanism of NF@NiCo-
H/O for HMF, Raman spectroscopy was employed to analyze the catalysts before and
after the durability test. For the NF@NiCo2O4 catalyst, the Raman signals at 464, 517, and
676 cm−1 before the reaction correspond to the Eg (NiII-O), NiII-O, and A1g vibrations of
NiCo2O4 [34]. However, after the HMFOR stability test, the NF@NiCo2O4 catalyst exhibited
a Raman signal at 528.3 cm−1, corresponding to the A1g (NiIII-O) vibration of nickel-based
hydroxides, and the A1g vibration at 676 cm−1 red-shifted to 651 cm−1 with a decrease in
intensity, indicating partial transformation of the NF@NiCo2O4 catalyst’s surface, resulting
in the formation of more high-valent and HMFOR-active Ni3+-O species [35]. In contrast,
the NF@NiCo-H/O catalyst exhibited the A1g (NiIII-O) vibration signal of nickel-based
hydroxides before the reaction. After the HMFOR stability test, the A1g (NiIII-O) vibration
signal of nickel-based hydroxides blue-shifted by 5 cm−1 and increased in intensity, while
the A1g vibration signal at 657 cm−1 decreased, further indicating that more NiCo2O4

structures were transformed into HMFOR-active nickel-based hydroxides, that is, more
Ni3+-O species were generated.

Furthermore, ICP-OES analysis was performed on the NF@NiCo-H/O catalysts before
and after the HMFOR stability test. Notably, the Co/Ni ratio of the NF@NiCo-H/O
decreased from 2.3 before testing to 1.9 after testing, indicating partial dissolution of metallic
Co species and structural evolution of the catalyst. High-resolution XPS characterization
was further employed to investigate the changes in valence states and electronic structures
of the catalysts before and after HMFOR stability testing. The electronic structural changes
of metallic Ni and Co species were analyzed by XPS spectra. The atomic percentages
obtained by XPS reveal that the Ni/Co atomic ratio on the surface of the NF@NiCo-H/O
catalyst has increased from 0.70 before testing to 1.16 after testing (Figure S5a). As shown
in Figure S5b,d, compared to the Ni3+/Ni2+ ratio of 1.26 in the NF@NiCo-H/O-before
testing, the high-resolution Ni 2p spectra of the NF@NiCo-H/O-after testing show only
the presence of Ni3+ species. Additionally, the high-resolution Co 2p spectra show a lower
Co3+/Co2+ ratio (0.44) for NF@NiCo-H/O-after testing compared to the value of 1.17
toward NF@NiCo-H/O-before testing (Figure S5c). Additionally, significant differences
were observed in the high-resolution O 1s spectra. As shown in Figure S5e,f, the M-O bonds
disappeared in the NF@NiCo-H/O-after testing, and the proportion of oxygen vacancies
increased significantly. These changes in the high-resolution XPS spectra indicate that
partial dissolution of metallic Co species occurred on the surface of the NF@NiCo-H/O-after
testing, with some electrons from Ni being transferred to Co (inset of Figure S5d), leading
to partial structural evolution on the catalyst surface, forming a heterogeneous interface
NiCo2O4‖NiCo(OH)2 and generating more Ni3+-O species and oxygen vacancies. The SEM
image of the NF@NiCo-H/O-after testing also supports this (Figure S6). These findings are
consistent with the Raman results presented in the revised manuscript (Figure 4e).

Previous literature has indicated that nickel/cobalt species can work synergistically
to enhance the catalytic activity and stability of HMFOR [2,3]. Consequently, we delved
further into the synergistic catalytic mechanism of nickel and cobalt in the NF@NiCo-H/O
catalyst. To this end, we synthesized monometallic heterojunction catalysts containing
only nickel or cobalt (denoted as NF@Ni-H/O and NF@Co-H/O catalysts), using the same
synthesis procedure. As depicted in Figure S7a,b, the LSV curves and potential values
at 10, 50, and 100 mA cm−2 demonstrate the following activity order: NF@NiCo-H/O
> NF@NiCo2O4 > NF@Ni-H/O > NF@Co-H/O. Specifically, the NF@Ni-H/O catalyst
performs markedly better than the NF@Co-H/O catalyst. Moreover, the NF@NiCo-H/O
catalyst, which incorporates both nickel and cobalt, exhibits the highest catalytic activity.
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Hence, in this study, it is proposed that cobalt and nickel in the NF@NiCo-H/O catalyst
synergistically catalyze HMF conversion, leading to high HMFOR activity.

Previous literature has also indicated that different metal species can selectively oxidize
different functional groups of HMF [8]. Thus, to analyze the role of individual Ni, Co, and
bimetallic Ni/Co catalysts in the selective oxidation of HMF, we compared their cyclic
voltammetry (CV) curves on 2-furaldehyde and furfuryl alcohol. As shown in Figure S8,
all single-metal (Co and Ni) and bimetallic catalysts (NF@NiCo-H/O and NF@NiCo2O4)
exhibited higher activity for furfuryl alcohol catalysis than for furaldehyde catalysis. At
1.4 V, the activity order for the four catalysts was NF@NiCo-H/O > NF@NiCo2O4 > NF@Ni-
H/O > NF@Co-H/O, based on the current density. These results confirm that the synergistic
effect between Ni/Co sites effectively accelerates the electrooxidation of both hydroxyl and
aldehyde groups.

In summary, the above results indicate that the heterojunction interface formed be-
tween NiCo2O4 and NiCo(OH)2, namely, NiCo2O4‖NiCo(OH)2, may facilitate the gen-
eration of high-activity Ni3+-O species during the HMF oxidation process. In addition,
through the synergistic action of cobalt and nickel metal species, the catalytic activity,
selectivity, and long-term durability of the high-activity Ni3+-O species towards HMF can
be significantly enhanced.

3. Materials and Methods

3.1. Materials

Anhydrous ethanol (≥99.7%), acetone (≥99.5%), hydrochloric acid (36.0–38.0%),
cobalt nitrate hexahydrate (99%), nickel nitrate hexahydrate (99%), urea (99%), am-
monium chloride (≥99.5%), chromatographic-grade methanol, and chromatographic-
grade formamide were purchased from Shanghai Guoyao Co., Ltd., Shanghai, China.
5-Hydroxymethylfurfural (95%) was obtained from Aladdin Reagents Co., Ltd., Riverside,
CA, USA.

3.2. Preparation of NF@NiCo2O4

A piece of NF (2 × 0.5 cm) was subjected to ultrasonic cleaning for 15 min in a sequence
of acetone, 1 M HCl, deionized water, and ethanol. The cleaned NF was then dried in an
oven at 40 ◦C and kept for further use. Subsequently, a piece of clean NF was placed into a
solution containing 2.0 mmol Co(NO3)2·6H2O, 1.0 mmol Ni(NO3)2·6H2O, 12 mmol urea,
and 20 mmol ammonium chloride, which were mixed and dissolved in a mixture of 20 mL
deionized water and 20 mL ethanol. This solution, along with the NF, was transferred into
a 100 mL Teflon-lined stainless-steel autoclave and subjected to solvothermal reaction at
120 ◦C. After 2 h, the electrode was naturally cooled to room temperature and washed
several times with deionized water and ethanol. The resulting electrode was heated to
300 ◦C at a heating rate of 5 ◦C·min−1 and maintained at this temperature for 2 h to obtain
the NF@NiCo2O4.

3.3. Preparation of NF@NiCo-H/O

A piece of NF@NiCo2O4 was immersed in a 6 M KOH solution and stirred slowly for
12 h. The catalyst was then taken out and washed several times with deionized water and
ethanol to obtain the NF@NiCo-H/O.

3.4. Physicochemical Characterization

The crystalline structure of the catalysts was determined using an X-ray diffractometer
(XRD, Philips X-Pert Pro, Almere, The Netherlands) with Cu Kα radiation (1.5418 Å). The
microscopic structure were analyzed by transmission electron microscopy (TEM, Tecnai G2
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F20, Hillsboro, OR, USA, and JEM-2100, Tokyo, Japan) at 200 kV, in which the catalyst was
first subjected to ultrasonication in an ethanol solution for 1 h, after which the catalyst was
drop-cast onto a copper grid with an ultrathin carbon film. The morphology and structure
of the catalyst were analyzed by Scanning electron microscopy (SEM, Hitachi SU8000,
Tokyo, Japan) at 10 kV. The elemental composition and valence state were determined
by X-ray photoelectron spectroscopy (XPS, ESCALAB 250Xi, Waltham, MA, USA) with a
monochromatized Al Kα X-ray excitation source (1487 eV). ICP-OES was carried out on a
NexION 2000-(A-10) (Waltham, MA, USA) to determine the Ni and Co concentrations. The
surface structure and functional group information of the catalysts were identified using an
Xplora confocal microprobe Raman system (HORIBA Jobin Yvon, Glasgow, UK) at 532 nm
and Fourier-transform infrared spectroscopy (FT-IR, Nicolet Nexus, Shanghai, China).

3.5. Electrochemical Testing

Electrochemical tests were conducted using a dual potentiostat (Wuhan KEST
CS2350M). The electrodes prepared as described above, a mercury oxide electrode and a
carbon rod, were employed as the working electrode, reference electrode, and counter elec-
trode, respectively. The exposed surface area of the working electrode toward as-prepared
electrode is 0.5 cm2 during the measurements. The OER or HMFOR performance was
evaluated in 1 M KOH electrolyte with or without 50 mM HMF at room temperature. The
catalyst was activated at a scan rate of 50 mV·s−1 until the curves overlapped in 1 M KOH
with 50 mM HMF, after which other electrochemical performance tests could be carried
out. The tested potentials were converted to potentials relative to the reversible hydrogen
electrode (vs. RHE) through calculation. The electrochemical data were presented with
85% iR correction.

In order to quantitatively analyze the products of HMF oxidation and calculate the
corresponding Faradaic efficiency, 10 μL of the electrolyte was extracted after electrolysis at
a potential of 1.45 V (in a three-electrode configuration) for different amounts of charge (5C,
10C, 15C, 20C, 40C, 60C, 80C, 100C, 116C), and then neutralized with dilute sulfuric acid
to neutrality. The as-solution were tested using high-performance liquid chromatography
(HPLC, Waters 1525): the analysis was performed with a UV-visible detector at a detection
wavelength of 265 nm; a C18 column (4.6 mm × 150 mm, Shim-pack GWS, 5 μm) was
employed with mobile phase A (methanol) and B (5 mM ammonium formate aqueous
solution, A:B = 3:7) at a flow rate of 0.6 mL·min−1.

The external standard method was employed for qualitative and quantitative analysis
of production (HMF/FDCA/HMFCA/FFCA). HMF conversion, FDCA yield, and FE value
of FDCA were calculated using the following equations:

HMF coversion =
mole of consumed HMF
mole o f initial HMF

× 100% (2)

FDCA yield =
mole of FDCA formed
mole o f initial HMF

× 100% (3)

FE of FDCA =
mole of FDCA formed

total charge passed/(6 × F)
× 100% (4)

where F is the Faraday constant (96,485 C mol−1).

4. Conclusions

In summary, the partial transformation of NiCo2O4 into NiCo(OH)2 was achieved via
immersion in concentrated alkali solution, resulting in the formation of the heterogeneous
NF@NiCo-H/O catalyst. A variety of physicochemical characterizations supported the
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growth of NiCo(OH)2 sub-nanoparticles on the porous micrometer-scale NiCo2O4 surface,
creating abundant heterogeneous interfaces of NiCo2O4‖NiCo(OH)2. The HMFOR perfor-
mance revealed that, compared with single-component NF@NiCo2O4, the heterogeneous
NF@NiCo-H/O catalyst exhibited higher HMFOR activity and stability, as well as high
HMF conversion rate (86.0%), FDCA yield (83.1%), and Faradaic efficiency (85.7%). More
importantly, Raman spectra before and after the stability test indicated that the generation
of more high-activity Ni3+-O species on the NF@NiCo-H/O catalyst, compared with the
single-component NF@NiCo2O4, during the HMFOR process, is the main reason for the
higher activity and selectivity of HMFOR.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/inorganics13070211/s1, Figure S1: SEM images of low-
magnification of (a) NF@NiCo2O4, and (b) NF@NiCo-H/O, and high-magnification of (c) NF@NiCo2O4,
and (d) NF@NiCo-H/O; Figure S2: CV curves of (a) NF@NiCo-H/O, (b) NF@NiCo2O4 acquired
at scan rates of 10, 20, 40, 60, 80, 100, and 120 mV s−1; Figure S3: ln(C0/C) based on (a) HMF,
(b) HMFCA, and (c) FFCA vs the reaction time for the HMFOR process; Figure S4: CV curve of
(a) NF@NiCo-H/O, (c) NF@NiCo2O4, (e) NF@Ni-H/O, and (g) NF@Co-H/O in 1 M KOH and 10 mM
2-furaldehyde solution at a scan rate of 5 mV s−1. CV curve of (b) NF@NiCo-H/O, (d) NF@NiCo2O4,
(f) NF@Ni-H/O, and (h) NF@Co-H/O in 1 M KOH and 10 mM furfuryl alcohol solution at a scan rate
of 5 mV s−1; Figure S5: XPS characterization of NF@NiCo-H/O catalysts before and after HMFOR
stability testing in 1 M KOH + 50 mM HMF for 12 h. (a) The atomic ratios of the NF@NiCo-H/O
catalyst before and after the HMFOR stability testing. High-resolution XPS spectra of (b) Ni 2p and
(c) Co 2p, (d) the ratio of different oxidation state species of metals, (e) O 1s, and (f) proportion
of different oxygen species for NF@NiCo-H/O before and after HMFOR stability testing. Inset of
(d) is schematic diagram of partial electron transfer between Ni-O and Co-O; Figure S6: SEM images
of the catalyst at different magnifications after HMFOR stability testing in 1 M KOH + 50mM HMF
for 12 h; Figure S7: Catalysts of (a) LSV profiles in solution of 1M KOH with 50mM HMF, (b) the
corresponding potentials value for current density of 10, 50, 100 mA cm−2. Catalysts of (c) LSV
profiles in solution of 1M KOH without 50mM HMF; Figure S8: CV curve of (a) NF@NiCo-H/O,
(c) NF@NiCo2O4, (e) NF@Ni-H/O, and (g) NF@Co-H/O in 1 M KOH and 10 mM 2-furaldehyde so-
lution at a scan rate of 5 mV s−1. CV curve of (b) NF@NiCo-H/O, (d) NF@NiCo2O4, (f) NF@Ni-H/O,
and (h) NF@Co-H/O in 1 M KOH and 10 mM furfuryl alcohol solution at a scan rate of 5 mV s−1;
Table S1: Comparison of HMFOR activity between NF@NiCo-H/L catalyst and other well-developed
electrocatalysts. References [26–32] are cited in the supplementary materials.
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