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Ferromagnetic Elements in Two-Dimensional Materials: 2D
Magnets and Beyond

Anastasios V. Papavasileiou, Melita Menelaou, Kalyan J. Sarkar, Zdenek Sofer,*
Lakshminarayana Polavarapu,* and Stefanos Mourdikoudis*

Ferromagnetism in 2D materials has attracted tremendous interest from the
scientific community thanks to its potential for the design of magnetic
materials with unique properties. The presence of a ferromagnetic element in
a 2D material can improve the existing properties and offer new ones, giving
rise to the development of manifold applications. This review focuses on
recent advances and perspectives of 2D materials that bear at least one
ferromagnetic element (iron, cobalt, nickel) as i) structural constituent, ii)
dopant atom, or iii) adjacent atom through proximity effect. By describing in
detail the magnetic properties that have emerged so far, their potential to
form next-generation 2D magnets is discussed. Moreover, the contribution of
such 2D materials is analyzed in various applications (electrochemical,
photochemical, optical, and electronic), aiming to explore further
functionalities and capabilities of ferromagnetic elements, apart from their
magnetic nature. Special attention is given to gadolinium and other rare earth
elements that display a ferromagnetic order even at ultra-low temperatures
and form part of 2D structured materials, with particularly appealing
properties deriving from their 4f electrons.

1. Introduction

In the effort to discover new and enhanced properties in
materials science, 2D materials have been drawing a large
interest.[1] Their unique shape and high surface area enable
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them to possess attractive physical and
chemical properties.[2] For instance, the
unprecedented properties of graphene
inspired further investigation toward novel
2D materials aiming for equivalent or
even better performance.[3,4] Anisotropy, in
combination with low thickness, bestows
excellent mechanical, electrical, optical,
and chemical properties on 2D materi-
als outshining their 3D counterparts.[5]

Thanks to these qualities, 2D materials
hold great potential for the development of
novel applications associated with energy
storage,[6,7] catalysis,[8] electrocatalytic[9,10]

and photocatalytic[11] water splitting,
drug delivery,[12,13] nanomedicine,[14]

electroanalysis[15] and sensing.[16]

The concomitant discovery of CrI3
[17] and

Cr2Ge2Te6
[18] in 2017 as the first 2D mate-

rials exhibiting ferromagnetism paved the
way for the exploration of magnetic prop-
erties in low dimensionality and allowed
its full exploitation in spintronics.[19] Spin-
tronics is a technology that takes advantage

of the spin and charge of a single electron and nowadays it has be-
come increasingly popular in memory, logic, and optoelectronic
devices.[20] 2D materials are ideal candidates for spintronics due
to the highly homogeneous atomic control over their thickness
that facilitates spin manipulation.[21,22] Furthermore, they can
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Figure 1. Chemical elements exhibiting ferromagnetic order classified based on their atomic number and their Curie point (left) and the periodic table
highlighting the elements with ferromagnetic behavior (right).

combine ferromagnetic and semiconducting properties, which
are coveted and concurrently elusive abilities because of the crys-
tal structure and chemical bonding differences.[23]

During the last decade, several groups found out that magnetic
features can be altered in reduced dimensionality. Materials of 2D
do not necessarily inherit the magnetic properties of their bulk
counterparts; thus, the magnetic order of a certain bulk pristine
material does not guarantee its presence in the 2D limit.[24] Ac-
cordingly, the Curie point (TC) of a 2D material is usually lower
than that of its bulk form, and as the material becomes thinner,
the TC normally decreases.[25,26] Even so, it is possible to obtain
a ferromagnetic 2D material from a paramagnetic bulk pristine
material.[27]

Up to date, numerous research endeavors have attempted
to induce ferromagnetism or improve the existing magnetic
properties in 2D materials. However, most of them rely on de-
fect engineering,[28] surface functionalization,[29] doping,[30] or
alloying,[31] which are either tentative or rather inappropriate so-
lutions as they cannot ensure the presence of long-range fer-
romagnetic order without affecting other essential properties,
such as conductivity.[32,33] Therefore, it is of immense interest
to produce 2D materials with intrinsic magnetic properties with
the desired characteristics.[34] Most newly discovered 2D mag-
nets exhibit inherent ferromagnetic order only at low tempera-
tures, which is a limiting parameter for their integration into fu-
ture technologies. As a result, finding 2D ferromagnetic materi-
als with a TC above room temperature remains a cumbersome
challenge.[35] Surprisingly, in most cases, these 2D ferromagnets
do not contain any of the known ferromagnetic elements (Fe, Co,
Ni, Gd).[18,27,36,37] Nevertheless, a number of studies suggest that
ferromagnetic elements can boost the TC, contribute to the mag-
netic moment, and favor the exchange interactions in the crystal
lattice of the material.[38] After all, it is fairly established that all
commercial permanent magnets have at least one ferromagnetic
element in their structure.[39]

It is well known that iron, cobalt, and nickel display ferromag-
netic order in temperatures much higher than room tempera-
ture; therefore, they are established as the standard ferromag-
netic elements of the periodic table.[40] However, other elements

can exhibit ferromagnetic order as well, exclusively at lower tem-
peratures dictated by their Curie point (Figure 1). In particular,
gadolinium with a near room temperature Curie point, followed
by other rare earth elements, namely terbium, dysprosium, er-
bium, holmium, and thulium with much lower Curie points, ex-
hibit ferromagnetic ordering in certain temperature ranges.[41–43]

Apart from their magnetic properties that make them notewor-
thy, each one of the above-mentioned elements has a unique
electron configuration and can form compounds with differ-
ent behaviors and materials of various morphologies for diverse
applications.[44,45] The presence of these elements in a variety of
coordination compounds and oxides is already known, but they
also form part of 2D materials either as a main component or as
a dopant: in this manner, they are able to affect the properties of
the resulting material as well as endow it with new ones.[46,47]

The topic of 2D ferromagnetism has been extensively studied
and revisited after discovering the aforementioned 2D ferromag-
netic materials. However, reports on the potential of 2D materi-
als based on ferromagnetic elements to generate 2D ferromag-
nets with even better magnetic properties are scarce. Thus, it is
timely to investigate their magnetic and other types of properties
as well as their potential to form next-generation 2D magnets.
In this way, such materials will be strong candidates for use in
numerous application fields. This review focuses on the impact
of the presence of ferromagnetic elements in 2D materials and
their role as i) structural constituents, ii) dopants, or iii) adjacent
atoms (Figure 2), aiming to explore the range of versatile char-
acteristics that the ferromagnetic elements can offer, apart from
their magnetic properties. Special attention is given to 2D materi-
als incorporating gadolinium and other ferromagnetic rare earth
elements, whilst examples of non-ferromagnetic rare earth ele-
ments are also presented for the sake of completion.

2. Two-Dimensional Ferromagnets

The discovery of ferromagnetic order in two-dimensional mate-
rials called into question the Mermin-Wagner theorem,[48] which
dictates the lack of magnetic order in two dimensions due to
thermal fluctuations under the isotropic Heisenberg model.[49]
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Figure 2. The mode of the presence of a ferromagnetic element in a 2D
material.

At the same time, certain theories support that exchange interac-
tion alone is not sufficient to provide magnetic order.[50] However,
magnetic anisotropy lifts those restrictions by allowing spin-orbit
coupling (SOC) interaction in a 2D Ising model and unlocks the
possibility of discovering a broader number of 2D magnets with
enhanced properties.[51,52] This highlights the complexity of the
2D systems and emphasizes the influence of thermal fluctuations
in the spin dimensionality and, thus, its magnetic long-range or-
der.

The dimensionality of the spin (n) is determined by physi-
cal parameters such as the presence and strength of magnetic
anisotropy and it is described by three different models i) the
Ising model for n = 1, ii) the XY model for n = 2, and iii) the
isotropic Heisenberg model for n = 3. A visual representation of
the models is shown in Figure 3, where it is clear that the Ising
model has a strong uniaxial anisotropy, the XY model has an easy-
plane anisotropy, while the isotropic Heisenberg model has no
constrain on the spin direction.[34]

So far, a handful of 2D materials own an intrinsic fer-
romagnetic order. Many of them have a van der Waals
(vdW) structure and are often acquired through mechanical
exfoliation.[17,18,25,53,54] Several studies support that ferromagnetic
order depends on the thickness of the material;[17] the Curie point
is highly dependent on the thickness and the number of layers
of a given material. Figure 4 demonstrates the correlation be-
tween the number of layers and TC for some of the newly dis-
covered 2D ferromagnets. Based on the behavior of the TC as a
function of the layer number, we can highlight three different
trends for three different classes of materials: i) chromium tri-
halides (CrCl3, CrBr3, CrI3) – these materials possess a very low
TC in the 2D scale, which is slightly higher in their bulk form,

Figure 3. Schematic illustration of the spin dimensionality models.

Figure 4. Curie point dependence of layer number for newly discov-
ered 2D ferromagnets. Data obtained from literature as follows: VSe2,[54]

MnSe2,[36] Fe3GaTe2,[56] Fe3GeTe2 (mechanically exfoliated, assisted by
SiO2/Si[53] or Al2O3

[25]), and CrI3, CrBr3, CrCl3.
[55]

without reaching room temperature in any case;[55] ii) iron-based
transition metal tellurides (Fe3GeTe2, Fe3GaTe2) – they exhibit a
small increase in the Curie point from the bulk to multi-layer
structures and then a decrease to the monolayer.[25,53,56] Interest-
ingly, Fe3GeTe2 crystals which underwent mechanical exfoliation
assisted by Al2O3,[25] exhibited lower TC in their 2D form com-
pared to a SiO2/Si-assisted exfoliated Fe3GeTe2

[53] but they kept
following the same trend. Finally, iii) transition metal selenides
(MnSe2 and VSe2), contrary to most 2D ferromagnets that de-
rive their magnetic properties from their bulk crystals, exhibit
room temperature ferromagnetism in low dimensionality even
though their bulk crystals are not ferromagnetic.[27,36,54] In par-
ticular, ultrathin 2D VSe2 is an unprecedented example of a 2D
material with room-temperature intrinsic ferromagnetism, de-
spite the fact that its pristine bulk material is paramagnetic. In
that case, the origin of the magnetic properties is attributed to
the magnetic anisotropy arising from the structural inversion
symmetry.[27,54]

The discovery of room-temperature ferromagnetic properties
in the 2D scale is a crucial and demanding task, while achieving
and maintaining ferromagnetism in monolayered 2D materials
poses an even greater complexity. On top of that, monolayered
materials often lack air stability due to their high reactivity.[54,57]

The combination of low Curie points along with their instabil-
ity in air, limits the suitability of these materials in practical ap-
plications. Therefore, the synthesis of new ultrathin 2D ferro-
magnets with intrinsic ferromagnetic order at room temperature
and good stability in environmental conditions is of paramount
importance.[19]

It is well known that ferromagnetic elements contribute to the
increase of Curie point in the materials they constitute.[38] Even
so, only a few 2D magnets contain at least one ferromagnetic el-
ement in their chemical structure.[25,38,53,56,58]

The most studied 2D material based on a ferromagnetic ele-
ment exhibiting intrinsic ferromagnetism is Fe3GeTe2. Zhuang
et al. predicted the inherent ferromagnetic order in monolay-
ered Fe3GeTe2, along with a significant uniaxial magnetocrys-
talline anisotropy originating from spin orbit-coupling. Further-
more, DFT (Density Functional Theory) calculations revealed
that Fe 3d orbitals dominate the band structure around the Fermi
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level leading to Stoner criterion fulfillment and, thus, to itin-
erant ferromagnetism.[59] Liu et al. grew Fe3GeTe2 thin films
by molecular beam epitaxy and managed to control the thick-
ness of the film through in-situ reflection high-energy electron
diffraction (RHEED) oscillations. In an attempt to tailor the mag-
netic properties of Fe3GeTe2 films, they studied the impact of
Fe composition on the Curie point and revealed that with increas-
ing Fe composition, the TC rises significantly.[38]

Based on the above-mentioned theoretical calculations and ex-
perimental results, Fe presence is a critical parameter not only
for fulfilling the Stoner criterion and possessing itinerant ferro-
magnetism but also for achieving a higher Curie point that will
allow Fe3GeTe2 thin films to be applicable in different domains.

In addition, Fe3GeTe2 exhibited an interesting correlation be-
tween the number of layers and its ferromagnetic properties:
more specifically, Fei et al. mechanically exfoliated bulk Fe3GeTe2
down to monolayer and observed a decline of TC from 207 to
130 K. Reflective magnetic circular dichroism (RMCD) studies
on the dependence of the TC on the number of layers (flakes up
to five layers) illustrated the monotonic decrease of TC from 3D
to 2D, with the TC of the four and five layered material being very
close to the bulk. Additionally, the hysteresis behavior of an atom-
ically thin Fe3GeTe2 flake (3.2 nm) revealed single-domain, highly
anisotropic out-of-plane ferromagnetic order at all temperatures
below its TC, while a much thicker flake (48 nm) behaved dif-
ferently, as it loses its hysteresis at an intermediate temperature
and not at the TC as expected.[53] Deng et al. developed an Al2O3-
assisted mechanical exfoliation method to facilitate the isolation
of monolayers out of bulk Fe3GeTe2. This exfoliation method led
to more stable monolayers but with a TC lower than 50 K, which
was much lower than the one reported by Fei et al.; the TC depen-
dence on the thickness was analogous. Deng et al. in their study
took advantage of the tunability of the monolayered Fe3GeTe2 and
via the use of an ionic gate, managed to boost TC to reach room
temperature.[25]

Fe3GeTe2 holds many promising properties like i) metallic na-
ture, ii) air stability, iii) relatively high TC, and iv) high uniaxial
magnetocrystalline anisotropy and its magnetic properties can
be manipulated by i) altering the Fe composition, ii) proximity
with an antiferromagnetic substrate (MnTe), iii) gate tunneling
and iv) adjusting the number of layers. These characteristics ren-
der Fe3GeTe2 the chameleon of 2D ferromagnets and make it an
ideal candidate for the development of spintronic devices with
high accuracy and efficiency.[25,53]

Nonetheless, there are analogous structural materials with in-
triguing properties belonging to the FenGeTe2 series. The study
of the FenGeTe2 can reveal the role of Fe and how its stoichiome-
try affects the magnetic properties of the materials. Mondal et al.
synthesized Fe4GeTe2 single crystals via the chemical transport
method by adding a relative excess of Fe precursor. Fe4GeTe2 has
a TC at 270 K, while at 120 K, a spin-reorientation phenomenon
occurs, leading to larger out-of-plane magnetization than the
in-plane-magnetization. The magnetic behavior of Fe4GeTe2 is
isotropic with a small magnetic anisotropy, which makes the
Ising model not feasible, while the dimensionality of the mag-
netic network is less than 3D: this leads to a magnetism of a
quasi-2D nature and exchange interactions. Further, the Rhodes-
Wohlfarth ratio (RWR) was found to be 2.53, which is lower than
Fe3GeTe2, and this evidences that the itinerant character of the

FenGeTe2 system is suppressed with the increase in Fe concentra-
tion. At the same time, Fe4GeTe2 shows a 3 times smaller uniaxial
magnetic anisotropy than Fe3GeTe2, highlighting the detrimental
role of Fe in the magnetic exchange mechanism and its nature.[60]

Similarly, Li et al. studied Fe5GeTe2 synthesized via chemical va-
por transport and reported a TC of 273 K with a weak magnetic
anisotropy. The dimensionality of the spin (n) and the model ap-
plied in this material was estimated to be between the 3D Heisen-
berg model (n = 3) and the XY model (n = 2).[61]

Even though Fe atoms are the source of ferromagnetism in
these materials, the combining elements and the exchange inter-
actions with Fe are crucial for several magnetic properties. Gal-
lium is another element that can participate in iron-based transi-
tion metal tellurides. Zhang et al. synthesized Fe3GaTe2 via a self-
flux method involving mechanical exfoliation and reported on in-
trinsic ferromagnetism with Curie point reaching 350 K in the 2D
limit, together with a robust perpendicular magnetic anisotropy
(PMA). The authors also demonstrated that TC depends on the
thickness; from 380 K in a 112 nm (multi-layer) nanosheet, TC de-
creases to 350 K in a 9.5 nm (few-layer) nanosheet. Even so, the
few-layer nanosheet possesses a 3.2 times higher coercive field
(Hc) than the multi-layer nanosheet. Moreover, Fe3GaTe2 exhib-
ited different types of magnetic domains as a function of their
thickness; thicker nanosheets have a multi-stripe domain struc-
ture, while the thinner ones (up to 28 nm) possess a single do-
main structure.[56]

Generally, ferromagnetism in low dimensionality is a quite in-
tricate topic and involves various parameters. The properties of
a 2D material are greatly affected by temperature conditions and
thermal fluctuations. Curie point dictates the behavior of every
material and can be modulated by modifying i) the thickness, ii)
the magnetic element composition, ii) the structural or morpho-
logical characteristics, and iv) the preparation method of the ma-
terial. Altering any of these parameters can cause a pronounced
effect on the rest of them. For instance, preparation methods play
a significant role in determining material thickness, with bottom-
up methods offering better control aiming for thinner materi-
als, whereas top-down approaches often lead to thicker structures
with varying amounts of defects. So far, mechanical exfoliation
has been one of the most commonly used top-down methods for
fabrication of ferromagnetic 2D materials. Nevertheless, apply-
ing mechanical exfoliation on the same pristine material under
different experimental conditions cannot ensure identical mag-
netic behaviors, even if the resulting materials have the same
thickness.

3. 2D Materials Based On Ferromagnetic Elements

In this section, we chose to classify the 2D materials that include
a ferromagnetic element in their structure according to the dif-
ferent types of the destined applications: in this way, we aim to
highlight the influence of ferromagnetic constituents on material
characteristics and, subsequently, their impact on the efficiency
of the respective applications. Additionally, structural character-
istics of representative materials are demonstrated in Figure 5
while the performance of the discussed materials is presented
in the Table 1 at the end of section 3 according to the destined
application.
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Table 1. Summarization of the use and performance of 2D materials based on ferromagnetic elements in manifold applications.

Molecular type Morphology Application Performance Reference

Spintronics

Fe3GeTe2 Thin flakes Spin-orbit torque Magnetization switch at 2.5 × 1011 A m−2 current
density at 180 Κ

[64]

Fe3GeTe2 Thin flakes Magnetic tunnel
junction

MR 41% under applied bias of 0.1 μA at 10 K [70]

Fe3GaTe2 Thin flakes Magnetic tunnel
junction

TMR ratio up to 213% with a spin polarization of
72% at 10 K

[75]

Electrocatalysis 𝜂10* [mV] (Tafel slope [mV dec−1]) / electrolyte

Fe3GeTe2 Nanosheets HER
HER
OER

590 (109.0) / 0.5 M H2SO4

630 (174.5) / 1.0 M KOH
1110 (296.5) / 1.0 M KOH

[110]

Ni3GeTe2 Nanosheets HER
HER
OER

490 (75.6) / 0.5 M H2SO4

780 (147.5) / 1.0 M KOH
1090 (330.4) / 1.0 M KOH

[110]

Ni-BDC/Fe3O4 Nanosheets OER 295 (47.8) / 1.0 M KOH [111]

Ni-BDC/Ni(OH)2 Nanosheets OER 320 (41.0) / 1.0 M KOH [112]

FePc@2D Ni-MOF Nanosheets HER 334 (72.1) / 1.0 M KOH [113]

CoP/Co-BDC Nanosheets HER
HER

52 (49.0) / 0.5 M H2SO4

26 (53.0) / 1.0 M KOH
[115]

NiCoPxSy

NiFePxSy

NiCoPxSy/NiFePxSy

Nanosheets
Nanosheets

HER
OER

OWS*

61 (44.5) / 1.0 M KOH
242 (38.0) / 1.0 M KOH

1540 / 1.0 M KOH

[116]
[116]
[116]

CoS2/CC Nanosheets HER
OER
OWS

90 (48.0) / 1.0 M KOH
220 (92.0) / 1.0 M KOH

1580 / 1.0 M KOH

[117]

FeCoNiP@C/NF Nanosheets HER
OER
OWS

71 (75.4) / 1.0 M KOH
227 at 100 mA cm−2 (85.6) / 1.0 M KOH

1600 at 100 mA cm−2 / 1.0 M KOH

[94]

Benchmark Catalysts

Pt/C 20 wt% HER 35 (30.0) / 1.0 M KOH [117]

IrO2 OER 300 (53.0) / 1.0 M KOH [117]

Sensing Detection range [μM] (LOD [μM])/ Sample

BNPNS Nanosheets H2O2 0.05 – 100 / living cells [123]

NiCoP/GF Nanosheets H2O2 0.2-1.8, 1.8-10.8, 10.8-9330 (0.028) / B6 melanoma
cells

[124]

VCo-Co(OH)2 Nanosheets Glucose
L-cysteine

0.4 – 8230 (0.295) / blood serum
0.2 – 1940 (0.0765)/ blood serum

[125]

2D NiCo phosphate Nanosheets Glucose 2-4470 (0.4) / human serum [126]

CoSe/Ni3B Nanosheets 5-Nitroquinoline 0.2-378 (0.042)/ aquatic [127]

FeS Nanoflakes Hg (II) 0.01-10 (0.004) / aquatic [128]

Ni-MOF Nanosheets Ni (II) 10-105 (2.7) / saliva, sweat, aquatic [129]

Energy Storage Specific capacity [mA h g−1]

Co2GeO Hexagonal
nanosheets

Li-ion battery 1026 at 0.22 A g−1 [130]

FePS3 Nanosheets Li-ion batt./
Na-ion batt.

1046 at 0.05 A g−1/

754 at 0.05 A g−1

CoPS3 Nanosheets Li-ion batt.
Na-ion batt.

1086 at 0.05 A g−1

846 at 0.05 A g−1

NiPS3 Nanosheets Li-ion batt.
Na-ion batt.

1026 at 0.05 A g−1

910 at 0.05 A g−1

[131]

(Continued)
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Table 1. (Continued).

Energy Storage Specific capacity [mA h g−1]

𝛼-Ni(OH)2 /rGO Nanosheets Energy stor-
age/supercapacitor

2220 F g−1 at 3.2 A g−1 [132]

Ni-BDC Nanosheets Batter.-supercap. or
hybrid

(Power density: 55.8 W h kg−1) [133]

Photocatalysis Performance rate [mmol g−1 h−1]

RuNi/g-C3N4 Nanosheets H2 evolution 35.1 [137]

Ni-BDC Nanosheets CO2 reduction 104 [140]

ZnCo-BMOF Nanosheets CO2 reduction 0.130 [143]

EW Shielding EABmax*[GHz] (RL*[dB])

2D C/Ni NP composites Nanosheets EW Shielding 9.68 (−39.46) at thickness 2.3 mm [154]

2D organic 𝛼-Co(OH)2 Nanosheets EW Shielding 6.5 (−64) at thickness 2.5 mm [155]

Fe3GeTe2 Nanosheets EW Shielding 2.8 (−44.43) at thickness 1.45 mm [160]

Adsorption Adsorption capacity [mg g−1], (equilibrium time [h])

2D 𝛼-Ni(OH)2 Nanosheets Congo red adsorption 259.74 (2 h) [169]

(Fe7(PO4)6) Nanosheets adsorption 704.23 (24 h) [171]

Other

CoTe2 Atomically
thin sheets

Piezo-triboelectric
nanogenerator

Generate 5 V under 1 N force [176]

2D Ni NDA on ITO Nanodot Plasmonic devices Localized surface plasmon resonance (LSPR) peak
at 400 nm

[179]

𝜂10, overpotential at an absolute current density of 10 mA cm−2; OWS, overall water splitting; EABmax, maximum effective absorption bandwidth; RL, reflexion loss.

3.1. Spintronics

Any conventional device technology primarily relies on electri-
cal transport process, in which charge carriers like electrons and
holes are controlled in order to store and process data. Cur-
rently, with the advancement of fabrication techniques, it has be-
come possible to scale down the devices to a size as small as the
nanometer scale. It is worth considering that while reducing the
size of device structures can benefit performance, it also creates
physical limitations due to voltage scaling and dominating quan-
tum effects like quantum mechanical tunneling. In consequence,
gate tunnel leakage currents occur and the overall performance of
the device decreases. Moreover, as the number of devices packed
into a single chip increases, so does the higher density current
flowing through it. This leads to a higher density of heat genera-
tion, which can be challenging for the achievement of heat dissi-
pation efficiently.[62] Conventional technologies are struggling to
keep up with these challenges, and finding ways to mitigate these
issues is crucial for improving the efficiency and sustainability of
electronic devices in the long run.

Spintronics is a promising field in electronics beyond comple-
mentary metal-oxide semiconductors (CMOS). It offers a unique
approach to significantly reduce energy consumption while po-
tentially utilizing quantum effects for information storage, logic,
sensing, and data processing in a single device.[63] Here, the fun-
damental building blocks for the logic operation are governed
by the manipulation of the spin of electrons. Spin polarization

and spin current direction, such as spin-up (ON) and spin-down
(OFF), are the foundations of spintronic logic. This is favorable
because it requires orders of magnitude less energy to switch a
spin state than it does to rearrange charge carriers. The two main
spintronic phenomena that explain the operation principles of
these devices are the giant magnetoresistance (GMR) effect and
the tunneling magnetoresistance (TMR) effect.[63]

The use of 2D materials has enabled spintronics to conduct
experiments and investigate magnetism theories that were quite
challenging previously. The extensive research into the rapidly ex-
panding family of 2D materials and associated heterostructures
can give rise to multiple developments in novel spintronic de-
vices like spin valves, spin-orbit torque, magnetoresistive random
access memory (MRAM) and magnetic tunnel junction (MTJ),
among others.

The electrical manipulation of magnetization was observed in
exfoliated Fe3GeTe2 through the use of spin-orbit torque (SOT).
The fabricated device consists of an exfoliated Fe3GeTe2 layer
with a thickness 15–23 nm and a sputtered platinum (Pt) metal
layer of a 5 nm thickness.[64] Pulsed current switching and second
harmonic Hall measurements were performed to validate the
SOT efficiency and magnetization switching. Damping torque
was dominated in the heterostructure, which causes magnetiza-
tion switching at ≈2.5×1011 A m−2. High SOT efficiency, mag-
netization switching, and low power consumption are essen-
tial for high-performance SOT devices. The SOT efficiency is
comparable or even higher than conventional systems such as
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CoFeB/Pt.[65] However, it is unclear why Fe3GeTe2/Pt has such a
superior SOT efficiency. The authors assumed that the atomically
flat Fe3GeTe2 makes an excellent interface that plays a significant
role here; as a result, the high SOT efficiency may also be present
in heterostructures composed of other vdW ferromagnets. A sim-
ilar approach has also been employed to study the SOT-driven
magnetization with few Fe3GeTe2 and Pt/Ta layers.[66] As the tem-
perature rises, it was noticed that switching current and satugra-
tion magnetization decreased. The authors believe that the oxi-
dation of Fe3GeTe2 in the interface could be thei reason behind
this trend. To prevent the risk of oxidation, Zhang et al. fabri-
cated the whole heterostructure in a glovebox with Fe3GeTe2 and
Pt/IrMn.[67] They reported a low-temperature exchange bias of up
to 895 Oe, which is currently the highest value among the vdWs-
based bilayers. A high switching ratio of up to 60% was also re-
ported for the perpendicular magnetization of the Fe3GeTe2/Pt
heterostructure.

SOT switching has also been expanded with the atom-
ically sharp interface of all-vdW heterostructure between
WTe2/Fe3GeTe2.[68,69] Formation of Te-rich interfacial layer of sin-
gle atomic thickness (≈ 0.3 nm) has been reported with one or-
der lower switching current density compared to previous re-
ports with Fe3GeTe2/Pt; the authors predicted that a coupling
between Te-rich interfacial layer with Te termination atoms of
WTe2 and Te termination layer of Fe3GeTe2 could be the pos-
sible reason for the low spin loss and scattering through this
heterostructure.[69]

Fe3GeTe2-based Magnetic Tunnel Junctions (MTJs) have
also been widely reported with different 2D semiconductor
or insulator barrier layers such as Fe3GeTe2/h-BN/Fe3GeTe2,

Figure 5. Graphic depiction of the crystal structure of different materi-
als bearing ferromagnetic elements. (Top-left) ternary transition metal tel-
luride, (top-right) metal-organic framework (MOF), (bottom-left) ternary
transition metal phosphorus trichalcogenide and (bottom-right) transition
metal dichalcogenide.

Fe3GeTe2/WSe2/ Fe3GeTe2, and Fe3GeTe2/InSe/Fe3GeTe2
(Figure 6).[70–72] These devices display TMRas high as 300%
at low temperatures. Unfortunately, none of the TMRs were
preserved because of the low Curie temperature of Fe3GeTe2,
which is a real challenge for the implementation of these devices
in practical applications. In line with this, Zhang et al. reported
a record-high above-room-temperature Curie temperature (Tc,
≈350—380 K) for the Fe3GaTe2 system.[56] The PMA value from
thickness-dependent hall transport measurements was 4.79 ×
105 J m−3 for bulk crystals and ≈3.88×105 J m−3 for 9.5 nm thick
flakes. The achieved values are comparable or even better than
those of conventional magnetic thin film devices, e.g., CoFeB[73]

and Co2FeAl,[74] which renders Fe3GaTe2 an ideal candidate for
room-temperature spintronics.

Jin et al. reported tunable TMR with Fe3GaTe2-based all vdW
heterojunctions using WS2 as a barrier with different thicknesses
(Figure 6).[75] A maximum TMR ratio of 213% was calculated
with barrier thickness of 3.5 nm at 10 K. By increasing the barrier
thickness to 8 nm, the TMR ratio drops to 14%, and interestingly,
by even further increasing to 16 nm, TMR ratio lowers down to
3.2%. It would be exciting to study barrier thickness optimization
aiming toward a better TMR ratio. Furthermore, TMR ratio drops
as the temperature rises, but it maintains its value up to 11% at
ambient temperature. The spin-filtering effect is observed in the
artificial polarity modulation of the TMR, which can vary from
+213% to 9% with increasing bias. An elevated spin polarization
of 72% was also reported, which is much higher in comparison
with conventional FM electrodes, e.g., Co/graphene/Co[76] and
NiFe/MoS2/NiFe.[77] In another report, Zhu et al. demonstrated
large room temperature TMR with WSe2 as a barrier layer and
Fe3GeTe2 as a top and bottom electrode.[78] Considering the per-
pendicular anisotropy of Fe3GeTe2, Zheng et al. also reported a
spin-filtering effect by sandwiching the WSe2 layer.[72]

Lin et al. developed a novel SOT-MRAM with
Fe3GeTe2/MgO/Fe3GeTe2 heterostructure (Figure 6).[79] Verilog-
A MRAM model and the commercial Cadence software with a
foundry’s 55 nm process design kit (PDK) were used to explore
the device performance. The TMR ratio of the heterostructure
was calculated to be 252%, improving the reading reliability of
SOT-MRAM compared to the traditional CoFeB-based MTJ. In
that work, a 3-transistor-2-MTJ (3T2M) memory cell was also
presented for efficient sensing margin of the read value “0”
from 26% to 132.6% and the read value of “1” from 29.8% to
67.2%. Finally, a nv-IMC circuit was also demonstrated, which
performs AND/NAND and OR/NOR logic operations in sub-ns
with extremely low energy consumption of 57.53 fJ and 57.86 fJ,
respectively.

Both Fe3GeTe2 and Fe3GaTe2 have been used along with
MoS2 for the fabrication of all-2D vdW-based spin-valve de-
vices with higher magnetoresistance than the conventional NiFe
that has been mostly reported and used so far. In particu-
lar, Fe3GeTe2/MoS2/Fe3GeTe2 and Fe3GaTe2/MoS2/Fe3GaTe2 ex-
hibited magnetoresistance of 3.1% and 11.97%, respectively,
which is 8 times and 30 times correspondingly higher than
NiFe/MoS2/NiFe.[80,81]

Spin-valve devices are capable of altering the magnetic state
of a material while at the same time aiming to probe spin-
polarization components. In such devices, a Fe5GeTe2/graphene
heterostructure with multi-dimensional spin polarization and
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Figure 6. Spintronic devices employing 2D materials based on ferromagnetic elements. (Top) Schematic diagram of the Fe3GaTe2/WS2/Fe3GaTe2 MTJ
device, magneto-transport measurements at various bias currents from 10 nA to 15 μA at 10 K and the respective TMR curves. Reproduced with
permission.[75] Copyright 2023, American Chemical Society. (Bottom-left) Schematic diagram of the device, MR curves and the respective extracted
MR ratios as a function of bias current ranging from 1 nA to 10 μA at 10 K. Reproduced with permission.[70] Copyright 2021, Wiley-VCH. (Bottom-right)
schematic diagram of the MTJ device and the implication of in-memory logic computation. Reproduced with permission.[79] Published under an open
access CC BY license, MDPI.

itinerant ferromagnetism at room temperature permits spin
injection, transport and detection. The Fe5GeTe2 flakes func-
tion as a spin injector or detector, while graphene has the
role of the spin transport channel. The efficiency of the spin-
valve device is ascribed to the vdW heterostructure interface,
which exhibits a different remanent magnetism from the bulk
Fe5GeTe2.[82]

Unlike ferromagnets, and despite their lack of magnetization,
antiferromagnetic materials have enormous potential in a vari-
ety of sectors, including data storage and SOT devices. Zhang
et al. demonstrated the fabrication of two different device struc-

tures, e.g., FePS3/Fe3GeTe2 and FePS3/Fe3GeTe2/FePS3.[83] The
thickness of exfoliated FePS3 and Fe3GeTe2 were 6.2 and 8.2 nm,
respectively. Enhancement in transition temperature and the co-
ercive field was noticed due to proximity coupling of Fe3GeTe2
with FePS3 via modulation of the domain by FePS3 at the
junction.

Gong et al. reported an intriguing method for extracting net
magnetization from 2D antiferromagnets FePS3.[84] In the het-
erostructure of WS2 and FePS3, the spin magnetic moments
can effectively pair with 2D transition metal dichalcogenides
like WS2, thanks to its out-of-plane orientation. Ferromagnetism

Adv. Funct. Mater. 2024, 34, 2309046 2309046 (8 of 36) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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emerges as a result of the high Néel temperature of FePS3, which
sustains the high-temperature ferromagnetic phase at the in-
terface. The enhanced Zeeman effect is made possible by the
interfacial exchange fields between WS2 and FePS3, which as-
sists the magnetization of the system. This discovery opens
the door for novel applications of emergent ferromagnetism in
spintronics.

Wang et al. reported a fast, reliable, and non-destructive ap-
proach to determine Néel vector orientation and spin proper-
ties of bulk and trilayer NiPS3 via spin-induced photolumines-
cence polarization.[85] They reported a distinct peak at 1.476 eV
for bulk and trilayer samples. Manipulation of the photolumi-
nescence polarization was conducted by adding an in-plane mag-
netic field. Temperature- and magnetic-field-dependent spectro-
scopic study confirms the linear polarization of the sharp emis-
sion, which is associated with the NiPS3 Néel vector orienta-
tion. This study provides concepts for the construction of opto-
spintronics in 2D systems. It allows a fast read of the spin char-
acteristics in bulk and atomically thin NiPS3 flakes using sim-
ple steady-state spectroscopy. Large interfacial spin-orbit torque
was observed between the bilayer ferromagnet (Ni80Fe20; Py) and
NiPS3.[86] Due to large in-plane damping-like interfacial torque,
very high torque conductivity was measured at room tempera-
ture. Further, out-of-plane field-like torque was also observed in
the interface, indicating spin-orbit coupling in the system.

Liu et al. reported paramagnetic to antiferromagnetic phase
transition in exfoliated monolayer CoPS3 by using polarization-
resolved Raman spectroscopy.[87] The phonon mode splitting of
Co-atom-related vibration in Raman spectra indicates a structural
change. The phase transition temperature was found to be at
100 K for mono to quadlayer, indicating the magnetostrictive ef-
fect in the presence of quasi-long-range ordering below transi-
tion temperature for a 2D XY-type antiferromagnet. This find-
ing will assist in removing specific barriers to the production
of future antiferromagnetic storage devices and provide insight
into the underlying mechanism of the magnetostrictive effect in
2D materials. In another study, Wang et al. reported modulation
of magnetism by spin transfer torque (STT) in Weyl semimetal
Co3Sn2S2.[88] The magnetic moments depend on torques when
a spin-polarized current flows through a non-uniform magnetic
pattern or domain walls, which might result in an STT. Direct
current was employed to modify the coercivity of Co3Sn2S2 flakes
at low current densities which is carried out using STT-assisted
domain wall propagation and helps in the magnetization rever-
sal procedure. The current density for driving the domains was
5.1× 105 A cm−2 and 1.5× 105 A cm−2 with zero and moderate ex-
ternal field (0.2 kOe), respectively. The maximum STT field was
found to be 2.4–5.6 kOe MA−1 cm2 at 150 K.

After years of investigating basic principles of spintronics
and fabricating proof-of-concept devices, significant advance-
ment has been made in 2D spintronics research. However, there
are still several scientific and practical challenges that need be re-
solved in order to fully develop real-world spin memory and logic
devices. While room-temperature magnetic heterostructures and
tunable TMR have been demonstrated, their coercive fields are
found to be very low. To increase the robustness and stability of
these devices, it is essential to develop materials or heterostruc-
tures with sufficient coercive fields. This emphasizes the require-
ment for additional study and progress in this area to address this

critical issue. In addition, aiming to optimize the functionality of
magnetic heterostructures, interface quality should be improved
in the junction. It has been observed that vacuum fabrication of
Fe3GeTe2 boosts overall device performance. Devices with 2D fer-
romagnets exhibit magnetization switching by electrical modula-
tion with high STT, as well as SOT efficiency at low temperatures,
which opens an enormous scope for low-power spintronics. Fi-
nally, scaling of the vdW materials at a wafer scale is still a rather
challenging goal, when envisaging a high suitability for practical
applications. Currently, lab-scale state-of-the-art devices are being
prepared through mechanical exfoliation, which complicates the
achievement of a well-advanced integration with present CMOS
technology.

3.2. Electrocatalysis

Nowadays, environmental crises and global warming impose the
replacement of fossil fuels with renewable alternatives. Hydro-
gen can be a promising energy carrier thanks to its eco-friendly
characteristics and cost-effective production through the electro-
catalytic water splitting reaction.[89,90] Hydrogen evolution reac-
tion (HER) at the cathode and oxygen evolution reaction (OER)
at the anode are the two half-reactions leading to water splitting.
Noble-metal electrocatalysts have been extensively studied for
these reactions, thanks to their outstanding performance.[91,92]

Nonetheless, their low abundance and high cost necessitate the
exploration of new non-precious electrocatalysts for HER and
OER with similar or even better performances.[93] Common fer-
romagnetic elements (Fe, Co, Ni) are favorable candidates for
forming non-noble metal electrocatalysts and easing hydrogen
production.[94–96]

Recent research has demonstrated that magnetic properties
and magnetic fields can have a positive impact on electrochemi-
cal reactions through various possible effects, including the mag-
netothermal effect, magnetohydrodynamic effect, spin selectivity
effect, Maxwell stress effect, and Kelvin force effect. These effects
often function jointly and influence various aspects of the reac-
tion mechanism, such as i) mass transfer and spin orientation
of paramagnetic species, ii) charge transfer resistance, iii) shape
and size of the droplets and bubbles on the electrode/electrolyte
interface, iv) electrochemical double-layer capacitance, improv-
ing every type of electrocatalytic reaction (e.g. HER, OER) in a
different extent.[97–101]

Monzon et al. compared the performance of zinc, iron and
cobalt deposited on polyaniline-coated gold electrodes toward the
electrocatalytic oxygen reduction reaction (ORR) along with the
effect of a magnetic field. The presence of a permanent magnet
inducing 360 mT enhanced the performance of all three metals
in a different manner and to varying degrees. Such enhancement
was lower for Zn compared to the other two metals and it was at-
tributed to the magnetohydrodynamic flows caused by the inter-
action between the magnet and the local current density, which
is driven by Lorentz force. In the case of Fe and Co elements, the
external magnetic field not only created a magnetohydrodynamic
flow but also magnetized the metal particles, generating a non-
uniform stray field in their vicinity. This attracted molecular O2
toward the surface, which is paramagnetic, further boosting their
performance.[102]
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Furthermore, Wang and co-workers investigated the magnetic
enhancement of electrocatalytic HER by introducing ferromag-
netic properties to MoS2 flakes and applying an external magnetic
field. Their impedimetric results revealed that the ferromagnetic
MoS2 showed lower electron transfer resistance in the presence
of the perpendicularly applied external field, resulting in an im-
proved electron hopping efficiency and thus ameliorated HER
performance. Interestingly, the parallel applied external field did
not have the same impact on the electron transfer resistance,
highlighting the importance of the orientation of the applied
magnetic field. Meanwhile, the non-magnetic bilayer MoS2 re-
mained largely unaffected in the presence of both perpendicular
and parallel magnetic fields.[103]

Therefore, the design of intrinsically magnetic materials that
are able to induce the above-mentioned magnetic phenomena is
promising to enhance electrocatalytic properties, providing a pos-
sible alternative to traditional catalysts with improved efficiency.
Additionally, investigating materials with distinct magnetic prop-
erties (ferromagnetic, antiferromagnetic, paramagnetic) can of-
fer a better understanding of magnetic field-enhanced elec-
trocatalysis, paving the way for discovering new, advanced
electrocatalysts.[98]

2D structures, thanks to their large surface area, provide abun-
dant exposed active sites that catalyze the reaction, boost the cat-
alytic activity, and lead to lower reaction overpotential.[104] In light
of that, several studies report on 2D materials incorporating fer-
romagnetic elements with high electrocatalytic activity towards
either HER or OER or even both of them, rendering the material
an efficient bifunctional electrocatalyst.[105,106]

Zhao et al. revealed through DFT calculations that the basal
plane of Fe3GeTe2 exhibits high electrocatalytic activity toward
OER, suggesting a new mechanism in OER reaction in which
surface hydroxyl undergoes a self-reduction into water. So instead
of forming OOH* in the catalytic site as the classical pathway
suggests,[107] the authors proposed the formation of O* and OH*
in the catalytic site. Among them, OH* will be favorable to experi-
ence self-reduction resulting in water formation. The alternative
pathway affects the rate-determining step, lowering the reaction
overpotential from 0.86 to 0.30 V.[108] Theoretical calculations on
metal sulfides (MS) suggest that 2D FeS monolayer is a good elec-
trocatalyst toward HER in comparison with VS and MnS and pro-
vides three symmetrical sites to hold the hydrogen atom, the top
site of S and the top site of Fe as well as a hollow site which is
the more stable one. Different transition metals lead to distinct
hydrogen coverage, thus to a modified HER activity.[109]

Oliveira et al. compared the efficiency of Fe3GeTe2 and
Ni3GeTe2 in their bulk form and shear force exfoliated form,
highlighting the use of different ferromagnetic elements to-
wards HER and OER in acidic, neutral, and alkaline conditions.
Fe3GeTe2 and Ni3GeTe2 exhibited ferromagnetic and antiferro-
magnetic behavior in their bulk form, respectively. They per-
formed similarly towards HER in acidic and alkaline conditions,
while in neutral conditions (0.1 M PBS pH 7), bulk Ni3GeTe2 ex-
hibited two times lower overpotential than Fe3GeTe2. The exfoli-
ated forms of these two materials exhibited the same trend but
not with such a big difference between them. As for the OER,
the explored materials performed similarly, displaying insignifi-
cant differences from each other. This study demonstrated that in
ternary transition metal tellurides, the metal properties are more

critical than the material form (bulk or exfoliated) in what con-
cerns the resulting activity in water-splitting electrocatalysis.[110]

Two-dimensional metal-organic framework (MOF) Ni-BDC
(BDC = 1,4- benzenedicarboxylate) exhibits a promising elec-
trocatalytic performance toward OER with an overpotential of
360 mV and a Tafel slope of 60 mV dec−1 but suffers from the
aggregation of its 2D nanosheets, thus restricting its use as OER
electrocatalyst. In order to address the risk of aggregation and
enhance its electrocatalytic activity towards OER, Ni-BDC was
successfully combined with other materials, leading to the cre-
ation of heterostructures with better performance. In particular,
Fe3O4

[111] and Ni(OH)2
[112] in two different studies were incorpo-

rated in the 2D Ni-BDC structure, and as a result, the overpoten-
tial of the heterostructures was 295 and 320 mV, with Tafel slopes
being 47.8 and 41 mV dec−1, respectively. Both studies attributed
this enhancement both to the prevention of aggregation of Ni-
BDC and to the higher oxidation states of Fe and Ni atoms in
Fe3O4 and Ni(OH)2, correspondingly. Surprisingly, Fe3O4 on its
own is a poor electrocatalyst toward OER, but it positively affects
Ni-BDC upon their combination. Material preparation and the
electrocatalytic performance towards OER of Ni-BDC/Ni(OH)2
heterostructure is demonstrated in Figure 7.

Zhang et al. also tested 2D Ni-BDC for HER, but this
time iron phthalocyanine (FePc) was the material anchored
on the ultrathin structure of the MOF (Figure 7). In that
study, FePc@bulk-BDC was also investigated for comparison
purposes. The 2D material and the bulk counterpart exhib-
ited 𝜂10 overpotential (for current of 10 mA cm−2) of 334 and
495 mV, with the Tafel slope being 72.1 and 90.2 mV dec−1,
respectively.[113]

The aforementioned studies on 2D Ni-BDC pave the way for
further investigation of the potential of 2D Ni-BDC heterostruc-
tures to achieve a remarkable electrocatalytic activity in HER and
OER, thus becoming highly sought bifunctional electrocatalysts
for the overall water-splitting reaction.[114] Li et al. employed a par-
tial phosphorization method for the synthesis of 2D CoP/Co-BDC
heterostructure nanosheets on carbon fibers. The produced com-
posites were evaluated for HER as self-supported electrocatalysts
(Figure 7). As the carbon paper substrate is considered electro-
chemically inert for HER, the electrocatalytic activity identified
was attributed only to the 2D CoP/Co-BDC. Therefore, in acidic,
neutral, and alkaline conditions, it showed Tafel slopes of 49,
89, and 53 mV dec−1, respectively. Impressively, the performance
of the studied material outperforms the Pt/C in alkaline condi-
tions. The exceptional electrocatalytic activity of 2D CoP/CoMOF
is ascribed to the presence of nanoholes which are associated
with the generation of a plethora of accessible active sites for
catalysis.[115]

Jeung et al. prepared 2D Ni-based metal phosphide-sulfide
(NiMPxSy, M = Co, Fe) by co-ion exchange method. On the one
hand, the electrocatalytic performance of NiCoPS in HER in al-
kaline conditions was superior to NiCoP and NiCoS with an over-
potential 𝜂10 of 61 mV versus 75 mV and 66 mV, respectively, and
a Tafel slope of 44.5 mV dec−1. On the other hand, NiFePS exhib-
ited a lower overpotential 𝜂10 toward OER in alkaline conditions
with a value of 242 mV and a Tafel slope of 38 mV dec−1, while
NiFeP and NiFeS exhibited slightly higher overpotentials 𝜂10 with
values 250 and 260 mV, respectively. In the next step, overall water
electrolysis was performed with NiCoPS serving as the cathode
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Figure 7. 2D materials based on ferromagnetic elements as electrocatalysts toward OER and HER in alkaline conditions (1.0 M KOH). For every case a
scheme is demonstrated illustrating the material preparation procedure and a Linear Sweep Voltammetry (LSV) polarization curve displaying electrocat-
alytic performance. (Top-left) Ni-BDC/Ni(OH)2 heterostructure for OER. Reproduced with permission.[112] Copyright 2019, Royal Society of Chemistry.
(Top-right) 2D Ni-based metal phosphide-sulfide (NiMPS, M = Co, Fe) for OER. Reproduced with permission.[94] Copyright 2021, Elsevier. (Bottom-left)
2D CoP/Co-BDC heterostructure nanosheets for HER. Reproduced with permission.[115] Copyright 2021, Elsevier. (Bottom-right) FePc@2D Ni-MOF for
HER. Reproduced with permission.[113] Copyright 2021, American Chemical Society.

(HER) and NiFePS acting as the anode (OER); the catalyst sys-
tem had a low overpotential of 310 mV and a high stability.[116]

Yao et al. prepared 2D CoS2 nanosheets by vulcanizing well-
aligned MOF-array precursors. The nanosheets were grown on
carbon cloth and were interconnected to form an open 3D
hierarchical architecture. The produced material exhibited good
electrocatalytic activity toward both HER and OER, thus being

a bifunctional electrocatalyst toward the overall water-splitting
reaction. Specifically, the Tafel slopes for HER and OER are 48
and 92 mV dec−1 respectively, while the whole water splitting
reaction can be achieved in a low cell voltage of 1.58 V at the
current density of 10 mA cm−2 with long-term stability: almost
no degradation was observed after continuous electrolysis for
80000 s.[117]

Adv. Funct. Mater. 2024, 34, 2309046 2309046 (11 of 36) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Zhang et al. synthesized mixed metal phosphide nanosheets
via a high-temperature phosphorization strategy onto a nickel
foam (FeCoNiP@C/NF) and tested their electrocatalytic per-
formance. As a result, the sheet-like catalyst outperforms the
particle-like and RuO2 both in HER and OER (Figure 7)
with an overpotential of 136 and 227 mV at a current den-
sity of 100 mA cm−2 in alkaline conditions. The material
was therefore utilized both as anode and cathode in full cell
overall water splitting, and only 1.6 V was needed to reach
100 mA cm−2, demonstrating its suitability as a promising bi-
functional electrocatalyst.[94]

Το summarize this sub-section, it is worth noting that ferro-
magnetic elements offer a cost-effective alternative to noble met-
als in electrocatalysis, providing abundant metallic active sites
that benefit the water-splitting reaction. They may also induce
a range of magnetism-related effects which can be beneficial
for electrochemical activity, especially in the presence of a suit-
ably applied external magnetic field. Studies have shown that the
2D form of these materials is more effective in electrocatalysis
thanks to its larger surface area compared to its bulk form. Re-
garding experimental conditions, the majority of these materials
perform adequately under acidic conditions; in alkaline condi-
tions, though, they display a superb activity, sometimes even out-
performing benchmark materials like Pt/C for HER and IrO2 for
OER (Table 1).

3.3. Sensing

Besides the significant electrocatalytic properties toward water
splitting reaction, 2D materials with a ferromagnetic metal as a
constituent can also ease the redox reaction of other electroactive
species for the development of sensing applications promoting
their fast and facile determination in samples of medicinal, food,
or environmental interest.[118,119] In addition, the combination of
such materials with magnetic electrodes could possibly lead to
an outstanding performance thanks to spin orientation and im-
proved modification that the magnetic attraction offers.[97,120,121]

An appropriate magnetic field can enhance the charge transfer
ability of a material, which in turn improves its sensing capabil-
ities and sensitivity.[103,122] In the case of paramagnetic species,
the presence of a magnetic field can introduce a new mechanism
for selective chemical analysis by sorting diamagnetic and para-
magnetic species in a complex sample.

Tong et al. presented the fabrication of biphasic nickel phos-
phide nanosheet (BNPNS) electrocatalysts through a direct phos-
phidation of nickel foam. This electrocatalyst was applied for the
amperometric determination of H2O2 at a constant potential of
−0.71 V (vs Ag/AgCl) with a detection range of 0.05 to 100 μM,
fully covering the physiological conditions (0.05–50 μM) of a hu-
man body. As a result, the authors successfully utilized the sen-
sor for the determination of H2O2 in human blood and in con-
tinuously releasing H2O2 living cells.[123] Additionally, a 2D lay-
ered nickel cobalt phosphide (NiCoP) nanosheet confined by 3D
graphene frameworks (GF) served as a non-noble metal electro-
catalyst for H2O2 determination, resulting in a much lower over-
potential of −0.3 V (vs Ag/AgCl). A wide detection range was
observed; more specifically, three linear response concentration
ranges starting from 0.2 to 1.8 μM, from 1.8 to 10.8 μM, and

from 10.8 to 9330 μM were confirmed, and the limit of detection
was calculated to be as low as 0.028 μM. These thin NiCoP/GF
nanosheets were successfully applied for real-time detection of
H2O2 released from B16 melanoma cells.[124]

Balasubramanian et al. reported on defect-engineered 2D
cobalt hydroxide nanosheets VCo-Co(OH)2 with good electro-
catalytic oxidation performance toward glucose and L-cysteine
reaching a limit of detection of 295 nM and 76.5 nM, respectively.
A comparison between the defect engineered and the defect-free
2D material revealed that defects induced in the 2D material led
to abundant cobalt vacancies, and therefore to enriched electroac-
tive sites and charge transfer rates. The resulting screen-printed
electrode modified with VCo-Co(OH)2 is a low-cost, disposable
and easily fabricated sensor that can be applied for the deter-
mination of analytes in human blood serum.[125] Furthermore,
for glucose determination, ultrathin 2D nickel-cobalt phosphate
nanosheets were isolated by a one-step hydrothermal method.
The nanomaterial composition influenced the electrochemical
performance, as a Ni/Co ratio of 2:5 exhibited higher electrocat-
alytic activity for glucose oxidation than a Ni/Co ratio of 4:5 or
only Co. The material was dispersed in a 1% Nafion solution (in
EtOH) and drop-casted onto a glassy carbon electrode. The 2D
NiCo/GC showed a linear range of detection of 2–4470 μM and a
detection limit of 0.4 μM. The optimized sensor was applied to a
human serum sample.[126]

Sukanya et al. prepared chemically reduced nickel boride
(Ni3B) nanoparticles anchored on 2D layered cobalt selenide
(CoSe) nanosheets using hydrazine assisted hydrothermal
method. A strong synergistic effect between the different com-
ponents allowed the improvement of the electrocatalytic activity
of the 2D CoSe/Ni3B heterostructure toward the reduction of 5-
nitroquinoline, which is a water pollutant (Figure 8). A 6 mg ml−1

suspension of the heterostructure was drop-casted on a screen-
printed electrode, and the material showed a linear range of
detection in the range 0.2-378 μM with a limit of detection of
0.042 μM for 5-nitroquinoline. Following an optimization and in-
terference study of the sensor, the heterostructure was success-
fully used for real-time monitoring of 5-nitroquinoline in tap,
rain, and lake waters of the city of Daegu in South Korea. The re-
liability of the sensor was corroborated by recovery experiments,
with results ranging between 95–102%, with a standard deviation
being almost 3%.[127]

Wang et al. reported the preparation of 2D FeS nanoflakes by
a solvothermal method. The product was used as a glassy car-
bon electrode modifier for the detection of Hg2+ ions (Figure 8).
These polycrystalline nanoflakes consisting of many small crys-
tals exhibited linearity in what concerns the relation between
oxidation peak current and logarithm of Hg2+ concentration,
over the concentration range of 0.01 – 10 μM. The detection
limit was as low as 4 nM. The proposed detection mechanism
of FeS nanoflakes relies on the ability of Hg2+ to form sta-
ble HgS, which is measured through cyclic voltammetry as
it converts into Hg2S. The sensor was applied for tap and
river water analysis.[128] Furthermore, a 2D Ni-BDC (MOF)
nanosheet was utilized in a wearable sensor for the potentio-
metric detection of Ni2+ ions (Figure 8). The 2D Ni-MOF oper-
ated as the electroactive material in highly porous carbon cloth
doped with nitrogen and decorated with spherical porous car-
bon nanoparticles as a self-standing substrate. The flexibility
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Figure 8. Electrochemical sensors based on 2D materials incorporating ferromagnetic elements; (top) demonstration of electrocatalytic activity, reaction
mechanism, and real sample analysis of 5-nitroquinoline with screen-printed sensors modified with 2D CoSe/Ni3B heterostructure. Reproduced with
permission.[127] Copyright 2023, Elsevier; (bottom-left) schematic illustration of the sensing strategy of 2D FeS nanoflakes for the detection of Hg2+ ion.
Reproduced with permission.[128] Copyright 2015, Springer; (bottom-right) demonstration of fabrication procedure and selectivity test of a potentiometric
wearable sensor based on 2D Ni-BDC for Ni2+ detection. Reproduced with permission.[129] Copyright 2022, Elsevier.

of the sensor did not affect the stable and accurate response
of Ni2+ over the concentration range of 10 μM to 0.1 M, with
the limit of detection being 2.7 μM. The sensor was tested
for biological (saliva and sweat) and environmental (tap water)
samples.[129]

As a conclusion for this sub-section, it is noted that fer-
romagnetic element-based 2D materials offer attractive detec-
tion capabilities for non-enzymatic determination of H2O2 and
glucose. This category of materials has the potential to pro-
vide excellent sensing features for various analytes. The sensor
performance can be influenced by the i) synergistic effect of
metallic centers, ii) concentration ratio of the different metal-
lic centers, iii) morphological characteristics and the possible
structural defects that may be present in the materials and iv)
presence of an appropriate applied magnetic field. Combining
these materials with innovative technologies such as magnetic
electrodes and wearables can benefit their use in point-of-care
applications.

3.4. Energy Storage

Materials of 2D incorporating ferromagnetic elements have been
used for energy storage and conversion applications such as bat-
teries and supercapacitors. A 2D Co2GeO nanosheet prepared by
a simple hydrothermal method operated as a lithium-ion battery
(LIB) anode, presenting a notable electrochemical performance
thanks to its large surface area, as shown by its ultrathin struc-
ture (thickness lower than 10 nm) and its atomically metallic ma-
trix. It was found that Co2GeO decomposed into Ge nanoparti-
cles with a 5 nm diameter that gradually migrated together dur-
ing the cycling but did not aggregate in the sheet plane. After the
second cycle, the Co2GeO anode exhibited a stable cycling perfor-
mance with a coulombic efficiency of 98%; the recorded capacity
on the 150th cycle was 1026 mA hg−1, indicating high capacity
retention.[130]

Liang et al. reported on 2D ternary layered metal phospho-
rus trichalcogenide (MPS3, M = Fe, Co, Ni) and investigated the
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Figure 9. Batteries utilizing 2D materials based on ferromagnetic ele-
ments; (top) demonstration of specific capacities in correlation with cur-
rent densities and cycle number for 2D ternary layered metal phospho-
rus trichalcogenide (MPS3, M = Fe, Co, Ni) in lithium-ion batteries.
Reproduced with permission.[131] Copyright 2017, Wiley-VCH; (bottom)
schematic illustration of an alkaline battery-supercapacitor hybrid device
utilizing Ni-BDC as an anode. Reproduced with permission.[133] Copyright
2016, Royal Society of Chemistry.

tuning of Li/Na storage properties based on the metal center
alteration. The MPS3 nanosheets had a thickness of less than
20 nm and an average lateral size of 200 nm. At a current density
of 0.05 A g−1, the specific capacity of LIBs was 1026, 1086, and
1046 mA h g−1 in NiPS3, CoPS3 and FePS3, while for sodium-ion
batteries (SIBs) at the same current density, it was 910, 846, and
754 mA h g−1, respectively. The changes in the specific capacities
as a function of current densities for LIBs are demonstrated in
Figure 9.[131]

Ma et al. reported on a 2D composite 𝛼-Ni(OH)2 monolayer
and reduced graphene oxide as an electrode material for use
as supercapacitor. The 2D nanostructure allowed the fast trans-

fer of electrolyte ions minimizing the effect of the diffusion
process, while the intercalated rGO lowered the internal re-
sistance of 𝛼-Ni(OH)2 and prevented agglomeration. The spe-
cific capacitance of the composite was in the range of 2676-
1040 F g−1 for scan rates of 5–100 mV s−1, which has higher
values than that of 𝛼-Ni(OH)2 or the mixture of 𝛼-Ni(OH)2
and rGO.[132] In another report, Ni-BDC (Ni-MOF) was once
again investigated for an electrochemical application; in that
case, the material under discussion was utilized as an anode
for an alkaline battery-supercapacitor hybrid device where car-
boxylic acid functionalized carbon nanotubes (CNTs-COOH)
served as the cathode; in that work, the authors employed
KOH/K4Fe(CN)6 as the electrolyte. The synergistic effect of Ni-
MOF and Fe(CN)6

4−/Fe(CN)6
3− redox couple enhanced both the

energy density and power density of the device (Figure 9). This
device exhibited at the same time an energy density compara-
ble to lithium-ion batteries and a power density approaching
supercapacitors.[133]

Ιt is highlighted that ferromagnetic elements can partici-
pate in energy storage applications as part of the electrode
material or/and the electrolyte, facilitating the charge trans-
port ability of the device. When used as electrode material,
the performance and the stability of the device are strongly af-
fected by the alteration of the elemental composition of the
material.

3.5. Photocatalysis

In the attempt to discover alternative renewable energy sources,
photocatalysis has attracted a lot of attention. The development
of suitable photocatalytic materials will permit the production of
H2 or CO2 by the mere utilization of visible light.[134] A mate-
rial is considered an effective photocatalyst for water splitting/H2
production when its conductive properties allow it to possess a
high photon-harvesting capacity. Most often, 2D materials are
more efficient photocatalysts than their bulk counterparts; low
dimensional materials offer shorter transport paths on the sur-
face for photoexcited holes and electrons to react, leading to a
low electron-hole pair recombination, which is highly desirable
for a good photocatalyst. In addition, the good durability, excel-
lent conductivity, and large surface area with highly exposed ac-
tive sites render 2D materials promising candidates for photocat-
alytic applications.[135]

Among 2D photocatalysts, graphitic carbon nitride (g-C3N4)
stands out as an inexpensive and highly efficient photocatalyst. In
combination with other semiconducting materials, the photocat-
alytic properties can be enhanced.[136] One of the cases concerns
the matching of g-C3N4 with a 2D bimetallic RuNi alloy prepared
hydrothermally that acts as a co-catalyst (Figure 10). It provided
more reaction sites and, thus, exhibited better H2 absorbing and
desorbing performance. RuNi/g-C3N4 composites had a higher
photocatalytic activity compared to g-C3N4 nanosheets, but an ex-
cessive loading of RuNi led to the opposite result due to optical
shielding and lower absorption of photons. Even though Ru con-
tent was critical for the photocatalytic performance of the mate-
rial, the ameliorated photocatalytic performance was attributed
to the synergy effect of Ru and Ni in the bimetallic alloy. This was
supported by the fact that Ru/g-C3N4, with the same Ru content
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Figure 10. (Top) schematic illustration of the formation mechanism of 2D C/Ni nanoparticle composite and its frequency characteristics (effective band-
width and 2D projective images) for various amounts of nickel acetate precursor (n = 2.99, n = 3.99, n = 5.32 mmol). Reproduced with permission.[154]

Copyright 2022, Elsevier; (middle) schematic representation of the proposed pathway of the photocatalytic H2 generation mechanism in 2D RuNi/g-
C3N4 photocatalysts and their transient photocurrent response. Reproduced with permission.[137] Copyright 2021, Elsevier; (bottom) scheme illustrating
the mechanism of U(VI) adsorption, morphological changes, and adsorption isotherms at different temperatures (Langmuir model). Reproduced with
permission.[171] Copyright 2019, Elsevier.

as RuNi/g-C3N4, exhibited 3 times lower photocatalytic perfor-
mance, highlighting the importance of Ni presence.[137]

In the case of photocatalytic reduction of CO2, due to its in-
ertness, it is very challenging to develop photocatalysts that are
able to capture and activate CO2 at the same time.[138] Ni-based
MOFs exhibit high CO2 adsorption thanks to the strong bind-
ing between CO2 and open Ni sites.[139] A Ni-BDC MOF, with

the molecular type [Ni3(OH)2(1,4-BDC)2-(H2O)4]·2H2O, trans-
formed from 3D bulk to 2D single-layer after the breaking of
the interlayer hydrogen bonds by CO2 molecules. CO2 con-
tributed to the exposure of the active sites of the 2D Ni-
BDC, enhancing the photocatalytic activity. In particular, the
efficiency of the reduction of CO2 into CO was 96.8%, and
the quantum yield was 1.75%. Intriguingly, CO2 participated
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in the preparation of the photocatalyst, which enabled its own
reduction.[140]

Computational studies helped to shed light on the photocat-
alytic properties of chemically modified 2D cobalt porphyrin-
based MOFs (PMOFs) through DFT calculations. It was shown
that the CoO-modified cluster outperforms the ones modified
with ZnO and ZrO, rendering Co-PMOF a superior catalyst for
photocatalytic CO2 reduction. This was ascribed to the collabora-
tive contribution of CoO and cobalt porphyrin. PDOS (projected
density of states) revealed that Co 3d states of CoO and cobalt
porphyrin are contributing to the conduction band and valence
band, respectively, which is favorable for electron transfer.[141]

From the mechanistic point of view, during the photocatalytic
process, cobalt is reduced from Co(II) to Co(I), and CO2 binds
to the Co(I) oxidation state of the porphyrin.[142]

Later on, a ZnCo-porphyrin MOF nanosheet with atomically
dispersed cobalt sites was synthesized, and it appeared to be a
more efficient photocatalyst for CO2 reduction than a mixture of
Zn-MOF and Co-MOF. This was assigned to the enhanced charge
transfer capacity and the increased lifetime of the photogenerated
electron-hole pair. DFT calculations revealed that cobalt sites are
favorable for receiving electrons from Zn porphyrin.[143]

Therefore, the utilization of nickel-based or cobalt-based 2D
materials in photocatalytic applications is not only attributed to
the beneficial conductive properties and to the strong binding en-
ergy with H2 and CO2, but also to the synergy with other metals;
in this way, the overall photocatalytic performance of the mate-
rials can be enhanced. At the same time, the low dimensionality
offers a shorter charge transport path and boosts light harvesting
ability.

3.6. Electromagnetic Wave Shielding

The combination of ferromagnetic elements (M) with diamag-
netic carbon has attracted a lot of interest. The ease of tuning
both conductivity and magnetic properties by adjusting the M/C
ratio renders these materials ideal candidates for electromagnetic
wave (EW) absorption.[144–152] The technological progress and ad-
vancement of electronic devices are accompanied by electromag-
netic waves that are a potential threat to human life and health.
Therefore it is important to develop suitable materials for the ab-
sorption of electromagnetic waves and the attenuation of electro-
magnetic energy. These materials have to interact both with the
electric and the magnetic field of the electromagnetic wave, as
well as to deplete the energy of the wave and transform it into
thermal energy.[153]

Aiming to enhance electromagnetic wave absorption, Liu et al.
studied the effect of size and composition control of 2D layered
C/Ni composites synthesized via a one-step calcination process.
Strong electromagnetic wave attenuation property was granted by
a combination of C with suitable amounts of Ni nanoparticles; in
that report, nickel acetate was used as a precursor. Changing the
amount of the Ni precursor can modulate the enhancement of the
electromagnetic wave absorption performance (EMWAPs) of the
C/Ni composite (Figure 10). As the amount increased, EMWAPs
got enhanced until reaching the optimal result in n = 3.99 mmol;
further increase did not have any positive effect on the maximum
effective absorption bandwidth (EABmax). Moreover, calcination

temperature can affect the carbon content due to oxidation that
may occur in higher temperatures; however, EMWAPs did not
show any correlation with calcination temperature. In particu-
lar, the optimal calcination temperature is 600 °C, with 400 °C
also yielding excellent results, while 500 and 700 °C are asso-
ciated with extremely poor EMWAPs with a narrow EAB. This
is attributed to different resulting sizes and compositions of the
2D C/N NP composites.[154] Similarly, 2D organic 𝛼-Co(OH)2 ex-
hibited good absorption properties, and it can be used as a pre-
cursor for Co/C composites as well. Those materials possess the
same absorption properties and additional corrosion resistance
together with wetting effect characteristics, which are very im-
portant for environmental applications.[155]

Among other features, dielectric loss, magnetic loss, and good
impedance matching are required for good EW absorption prop-
erties. In the case of ferromagnetic elements, the 2D flake mor-
phology improves magnetic anisotropy leading to enhancement
of magnetic loss, thus to a desirable EW absorption.[156–159] 2D
sponge-like Ni/derivatives prepared at 600 °C under hydrogen
flow[157] and Co nanoflakes generated by low-temperature hy-
drothermal method[156] reinforce the above-mentioned observa-
tion and open the way for exploration of new EW absorption
materials in 2D nanostructures composed of ferromagnetic el-
ements. On top of that, Ji et al. investigated the capability of
Fe3GeTe2 with ferromagnetism up to 230 K to absorb electromag-
netic waves and alleviate microwave pollution and radiation. Even
though Fe3GeTe2 fulfilled most of the requirements for EW ab-
sorption, it exhibited poor impedance matching. This drawback
was tackled by introducing graphene nanosheets to the struc-
ture leading to a composite with significant microwave absorp-
tion performance.[160]

As a summary of this part, 2D materials based on ferromag-
netic elements exhibit certain promising features for electromag-
netic wave absorption. Still, their activity can be strengthened
once they are integrated with carbon-based materials to form
composites. The ratio between the ferromagnetic material and
the carbon is a key aspect for controlling the conductivity and the
magnetic properties of the composite: as a result, it can also affect
the electromagnetic wave absorption performance. The morphol-
ogy and thickness of the material have also a direct impact on its
implementation as an electromagnetic wave absorbent.

3.7. Adsorption

Materials with a high specific surface area, such as 2D materials,
are suitable for adsorption applications.[161] Recently, adsorption
applications tend to use magnetic nanoparticles for water reme-
diation, thanks to the ease of removal with the use of an exter-
nal magnetic field.[162] Pollutants can be selectively attached onto
magnetic materials, and the latter materials can be then magneti-
cally separated, recycled and reused in industrial processes, effec-
tively preventing the release of hazardous contaminants into the
environment.[163] Consequently, the combination of ferromag-
netic properties and 2D structures is anticipated to lead to ad-
sorbents with enhanced capabilities and facile manipulation and
removal by means of magnetic separation.

Materials of 2D and particularly metal oxides, are excellent can-
didates for adsorbing pollutants and dyes for water remediation
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due to the high specific surface area along with the large number
of active sites they can provide for adsorption.[164,165] Most of the
time, calcination has a positive effect on their properties, while
different calcination temperatures give rise to structurally differ-
ent materials with varying specific surface areas, hence modified
adsorption performances.[166,167] Studies suggest that calcination
can improve material properties, but high calcination tempera-
tures can lead to unwanted results. In 2D materials, high calci-
nation temperatures cause the loss of the 2D structure and all
the beneficial characteristics originating from it.[168] Galvani et al.
fabricated 2D 𝛼-Ni(OH)2 nanosheets via a microwave-assisted
solvothermal method and converted them to NiO by calcination
in a range of temperatures. Calcination up to 400 °C preserved
the 2D morphology leading to NiO nanosheets, while 500 and
600 °C resulted in denser nanoparticles due to the collapse and
agglomeration of the initial structure. Interestingly, calcination
at 300 °C resulted in increased surface area and porosity accom-
panied by a better performance in Congo red adsorption, con-
firming that calcination temperature can affect both the mor-
phology and adsorption capacity. Higher calcination temperature
can cause pore widening, destroy the desired 2D structure and
worsen adsorption properties.[169]

In the field of radioactive adsorption, many 2D materials have
been successfully utilized.[170] 2D iron phosphate (Fe7(PO4)6)
was investigated by Wang et al. in three different forms, i.e.,
nanosheets, disks, and octahedrons for adsorption of hexavalent
uranium (Figure 10). The nanosheets exhibited the largest sur-
face area and thus better adsorption performance confirming that
the two-dimensional morphology had a positive impact on the
applicability of such materials on adsorption application. In addi-
tion, that study revealed that the active site of the material played
a more critical role in the adsorption than its pores, contrary to
expectations. It seems that U(VI) is trapped during the adsorp-
tion between the stacked and reorganized nanosheets. This phe-
nomenon was named by the authors as Monolayer Surface Com-
plexation and Stacking mode (MSCS-Mode).[171]

It is not the first time that the phosphate group[172–174] or 2D
morphologies[174,175] have been used for U(VI) adsorption; nev-
ertheless, 2D Fe phosphate stands out based on its adsorption
performance by demonstrating 27 times better adsorption ca-
pacity than its 3D counterpart[173] and 2 times better capacity
than phosphate functionalized graphene oxide,[174] confirming
that 2D morphology and Fe presence are critical parameters in
U(VI) adsorption performance.[171]

Overall, the low dimensionality of a given 2D material is the
most critical parameter in what concerns its adsorption capabil-
ity, followed by the nature of the metallic center and its morphol-
ogy. Calcination temperature during material preparation can in-
fluence both dimensionality and morphology, affecting the re-
sulting performance of the material.

3.8. Other Applications

2D materials based on ferromagnetic elements are also partic-
ipating in other noteworthy applications. Such a case is cobalt
telluride (CoTe2) synthesized by vacuum induction melting and
exfoliated by sonication-assisted liquid exfoliation method to ob-
tain 2D sheets. The bulk material with 1T metallic phase trans-

Figure 11. Schematic representation of the energy harvesting concept of
piezo-tribo generator utilizing 2D CoTe2. Graphs depicting: open circuit
voltage response as a function of temperature, relative voltage changes
of the CoTe2 cell at various temperatures, and relative voltage changes of
the cell in relation to the applied load for sensing the temperature of the
laptop. Reproduced with permission.[176] Copyright 2022, Royal Society of
Chemistry.

formed to a 2D sheet 1H semiconductor phase with the lat-
eral dimension of the sheet being rectangular, ranging from 100
to 200 nm. The 2D CoTe2, besides the flexibility and the high
surface-to-volume ratio endowed by its 2D structure, exhibited
a temperature-dependent behavior as well as piezoelectric and
triboelectric properties; these factors can improve energy conver-
sion of a piezo-triboelectric nanogenerator (PTNG) (Figure 11).
In particular, the authors demonstrated the capability of this ma-
terial to harvest waste-heat energy from an electronic device such
as a laptop by attaching it underneath, where the overheating oc-
curs. The fabricated PTNG, as a response to the elevated tempera-
ture being present under the laptop, increased the output voltage
with a linear correlation. Based on that, the PTNG device can also
be used for temperature monitoring in electronic devices, taking
into consideration the device weight due to the observed PTNG
sensitivity to the weight of the laptop.[176]

Furthermore, 2D materials are interesting candidates for plas-
monic devices thanks to the variety of physical, chemical and
structural properties they hold and their ease of being adjusted
depending on the desired application.[177] Even more intriguing
is the use of 2D magnetic materials, which enable light manip-
ulation by applying an external magnetic field.[178] Comparison
of Ni films with 2D Ni nanodot arrays on indium tin oxide (ITO)
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substrate demonstrated UV–vis spectra with a maximum of 437
and 400 nm, respectively. Ni nanodot arrays were deemed suit-
able for plasmonic devices, with the results suggesting that the
localized surface plasmon resonance (LSPR) maximum peak is
not sensitive to the size of the Ni nanodots.[179]

4. 2D Materials Doped With Ferromagnetic
Elements

In the efforts to obtain 2D materials with distinctive optical
and electrical properties, approaches such as doping, strain, and
chemical functionalization have been utilized aiming to tune the
band alignments of the materials. Doping, which is the inten-
tional introduction of foreign elements into a material, plays a
significant role in functionalizing 2D materials by changing the
intrinsic properties of pristine atomic layers. Examples include,
among others, the ferromagnetic atom (e.g., Fe, Co, and Ni)-
doped 2D TMDs referred as 2D-diluted magnetic semiconduc-
tors (DMS), whereas many of these materials have been predicted
to exhibit ferromagnetic behavior at room temperature.[180]

In the last few years, the magnetic properties of pure 2D ma-
terials and magnetic element-doped 2D materials have been ex-
tensively investigated both theoretically and experimentally. Dop-
ing with a single element into low-dimensional materials has
proven to promote room-temperature ferromagnetism, which is
also supported by theoretical investigations.

Martinez and co-workers explored the impact of doping with
the common ferromagnetic elements and manganese which is
an antiferromagnetic element in low temperatures. In particu-
lar, these researchers studied the magnetic and electrocatalytic
properties of hydrothermally grown transition metal-doped (10%
of Co, Ni, Fe, and Mn) 2H-MoS2 nanocrystals (NCs) with a par-
ticle size of 25–30 nm. Pristine 2H-MoS2 NCs showed a mix-
ture of antiferromagnetic and ferromagnetic behavior. While
Co, Ni, and Fe-doped MoS2 nanocrystals demonstrated room-
temperature ferromagnetism, Mn-doped MoS2 NCs displayed a
paramagnetic behavior at room temperature. This indicated that
magnetic properties were strongly dependent on the nature of the
dopant while the magnetic order-disorder transition varied with
dopant type (Co- and Ni-doping produced stronger ferromagnetic
behavior than Fe- and Mn-doping). In order to study electrocat-
alytic performance for hydrogen evolution reaction, polarization
curves were measured for undoped and doped MoS2 NCs. At an
overpotential of 𝜂 =−300 mV, the current densities were FeMoS2
>CoMoS2 >MoS2 >NiMoS2 >MnMoS2 and the catalytic activity
based on Tafel slopes was CoMoS2 > MoS2 > NiMoS2 > FeMoS2
> MnMoS2. The authors believe that the increasing number of
catalytically active sites in CoMoS2 NCs might be responsible for
their superior electrocatalytic activity. Thus, the catalytic activity
can be modulated by choosing suitable dopants in NCs of 2D
materials.[181]

4.1. Fe-Doping

Xia and co-workers produced 2D MoS2 nanosheets doped with
Fe ions via a hydrothermal method. Magnetic hysteresis (M-H)
curves measured under different temperatures suggested that ro-
bust ferromagnetism occurred in the Fe-doped MoS2 nanosheets,

which exhibited a high Curie point (>930 K). The magnetic mo-
ment mainly arose from the Fe atoms, while ferromagnetism can
be effectively adjusted by changing the Fe-doping concentration.
In this way, potential applications of Fe-doped MoS2 nanosheets
in spintronic devices were envisaged (Figure 12).[182]

Fu et al. performed an in situ substitutional Fe-doping into
MoS2 monolayers via low-pressure chemical vapor deposition
(CVD). Iron atoms substituted molybdenum sites in MoS2, as
confirmed by TEM and Raman. The authors uncovered a Fe-
related spectral transition of Fe:MoS2 monolayers that appears at
2.28 eV above the pristine band gap and displayed pronounced
ferromagnetic hysteresis. The microscopic origin was further
corroborated by DFT calculations of dipole-allowed transitions
in Fe:MoS2. Also, by using spatially integrating magnetization
measurements and spatially resolving nitrogen-vacancy center
magnetometry, the authors showed that Fe:MoS2 monolayers
remained magnetized even at ambient conditions, manifesting
room-temperature ferromagnetism (Figure 12).[183]

Wang and co-workers prepared undoped and Fe-doped MoS2
layered crystals via a chemical vapor transport method. Opti-
cal behaviors of carrier transitions were observed successfully in
both undoped and Fe-doped MoS2 samples using reflectance and
piezo-reflectance. The Fe-doped MoS2 sample was evaluated by
frequency-dependent photoconductivity measurements, reveal-
ing an additional Fe doping level and a longer carrier lifetime
compared to the undoped sample. Hall measurements for both
samples indicated that the doped sample exhibited a higher car-
rier concentration and lower mobility due to the Fe dopants. Both
samples were confirmed to have n-type carriers.[184] Kang et al.
showed that substitutional Fe-doping of MoS2 and WS2 mono-
layers induces different magnetic properties. Fe-doped mono-
layers were directly synthesized via CVD. While both Fe:MoS2
and Fe:WS2 showed photoluminescence quenching and n-type
doping, Fe dopants in WS2 monolayers were found to assume
deep-level trap states, in contrast to Fe:MoS2, where the states
were identified as shallow. Using μm- and mm- precision lo-
cal (nitrogen-vacancy) NV-magnetometry and (superconducting
quantum interference device) SQUID magnetometer, the au-
thors revealed that, unlike MoS2 monolayers, WS2 monolay-
ers did not experience a magnetic phase transition to ferro-
magnetism upon Fe-doping. The absence of ferromagnetism in
Fe:WS2 was corroborated using DFT calculations.[185]

Li et al. developed a Fe-doped SnS2 monolayer exfoliated us-
ing a micromechanical cleavage method. Fe atoms were doped
at the Sn atom site (Fe contents were ≈2.1%, 1.5%, and 1.1%).
Field-effect transistors based on the Fe0.021Sn0.979S2 monolayer
showed n-type behavior and exhibited high optoelectronic per-
formance. Magnetic measurements illustrated that pure SnS2
was diamagnetic, whereas Fe0.021Sn0.979S2 exhibited ferromag-
netic behavior with a perpendicular anisotropy at 2 K and a TC of
≈31 K. DFT calculations showed that long-range ferromagnetic
ordering in the doped sample was energetically stable, and the
estimated TC agreed well with experimental findings suggesting
that Fe-doped SnS2 sample will have excellent performance for
optoelectronic devices.[180] Hu et al. synthesized few-layer VSe2
nanosheets with room-temperature ferromagnetism by a high-
temperature organic solution-phase method. To further improve
the magnetic properties, Fe was used and doped into the VSe2,
leading to the formation of V1-xFexSe2 nanosheets with enhanced
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Figure 12. (Top) hysteresis loops for Fe-doped MoS2 measured at 300-900 K, SEM images depicting the morphology of undoped MoS2 (Fe-0) and Fe-
doped (Fe-1.74) and EDS mapping of the Fe-doped MoS2, schematic illustration of bound magnetic polarons (BMPs) in Fe-doped MoS2, emphasizing on
ferromagnetic coupling (left) and antiferromagnetic coupling that occurs in high doping concentrations (right). Reproduced with permission.[182] Copy-
right 2017, The Japan Society of Applied Physics; (bottom) SEM images of as-grown Fe:MoS2 monolayer and schematic top view of the monolayer (yellow
spheres are sulfur and blue spheres represent molybdenum), temperature-dependent photoluminescent spectra for MoS2 and Fe:MoS2 and hysteresis
loops (M-H) of Fe:MoS2 in cryogenic and room temperature conditions. Reproduced with permission.[183] Copyright 2020, Nature Communications.

room temperature coercivity and magnetization without damag-
ing the layered structure. This enhancement was attributed to the
coupling interaction of 3d orbitals between V and Fe atoms, while
higher Fe concentrations improved coercivity due to the forma-
tion of a second phase, Fe3Se4.[186]

Nazir et al. prepared antiferromagnetic MnSe2 nanosheets
through hydrothermal synthesis and studied the effect of Fe

and Co doping on the magnetic and optical properties. The
strong antiferromagnetic behavior of MnSe2 was decreased in
the case of the Fe and Co-doped nanosheets, rendering the
material more suitable for spintronic applications. As for the
optical properties, a band gap narrowing was observed in the
doped materials, which will benefit their use in photocatalysis or
photovoltaics.[187]
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Figure 13. (Left) simulation and optical images demonstrating the effect of sulfur on the morphology of CoxMo1−xS2, schematic illustration of the setup
configuration for the material preparation, electrical transport properties of CoxMo1−xS2 nanosheetsfield effect transistor (FET) devices with 2 V applied
bias voltage and current-voltage curves at varied back gate voltage (Vgs). Reproduced with permission.[190] Copyright 2015, American Chemical Society;
(right) schematic illustration of the synthesis process of WS2@Co9S8, LSV polarization curves exhibiting electrocatalytic performance of the material
in 1 M KOH towards OER and HER and STEM image along with STEM elemental mapping images. Reproduced with permission.[191] Copyright 2022,
American Chemical Society.

In another study, Sun et al. reported on the Fe-doped
(Ti1−x Fex)3AlC2 (x = 0, 0.025, 0.05, 0.075) MAX phase with fer-
romagnetic state at low temperature, which turns into paramag-
netic after exfoliation and delamination in the (Ti1−x Fex)3C2T𝛿

2D MXene counterparts. This behavior was attributed to the bro-
ken exchange coupling along the c-axis resulting from the etch-
ing away of the Al layer. Nevertheless, the 2D MXene counter-
part after Fe doping (x = 0.025) demonstrated a good electromag-
netic shielding performance in the wide frequency range of 5.8-
26.5 GHz, thanks to the improvement of intrinsic conductivity
that Fe offers to the MXene.[188]

Based on the above-mentioned studies, doping with Fe
has the potential to i) introduce long-range ferromagnetism
in non-magnetic materials like MoS2, as well as ii) enhance
the ferromagnetic properties of already magnetic 2D materi-
als, such as VSe2, while iii) increasing their Curie point. The
concentration of Fe-doping proved to be a critical parame-
ter in adjusting magnetic properties, with an elevated concen-
tration being favorable. Additionally, Fe-doping can improve
the electrocatalytic, optical, and conductive properties of 2D
materials.

4.2. Co-Doping

Due to its distinctive layer structure and electronic properties,
the inorganic fullerene-like structure of MS2 (where M = Mo,
W) has been attracting considerable attention in what concerns
both its nanoscale and bulk form. Such materials have been in-

vestigated extensively for various applications. In particular, WS2
and MoS2 nanomaterials find applications in fields such as scan-
ning probe microscopy (SPM), solid-state lubricants, heteroge-
neous catalysis, and electrochemical hydrogen storage. As impor-
tant 2D-DMS, Co-doped monolayer, Fe-doped monolayer, and bi-
layer/multilayer MoS2, among others, have been studied by the-
oretical calculations.[189]

Li and co-workers synthesized large-scale 2D CoxMo1−xS2 (x
= 0.16) hexagonal bilayer nanosheets using the CVD method
(Figure 13). As the initial loading of the sulfur increased, the mor-
phology of the CoxMo1−xS2 (0 < x < 1) nanosheets turned step by
step from David-star’s shape to hexagons at 680 oC. Co atoms
were mainly distributed at the edge of nanosheets. At 750 °C,
high-quality cubic pyrite-type crystal structure CoS2 grew on the
surface of the CoxMo1−xS2 nanosheet, and a hexagonal film was
formed, which was induced by the presence of the nanosheet.
Electrical transport measurements on nanosheets confirmed the
typical n-type transport behavior. CoS2 film exhibited a half-
metallic behavior with a conductivity of about 8 × 104 s m−1.
These findings strengthen the idea that CoxMo1−xS2 nanosheets
can find potential applications in tunable optoelectronics.[190]

In another work, Xiang et al. synthesized MoS2 nanosheets
via a hydrothermal approach with varying Co-dopant concentra-
tions (0, 3, and 7%). The thickness and flatness of the nanosheets
increased by enhancing the cobalt concentration. Magnetization
measurements showed that the values of the magnetic moment
decreased with the increase of the Co-dopant concentration, an
evidence that was corroborrated by DFT calculations as well.
Change of the magnetic moment involves two main factors in
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the nanosheets: i) the reduced moment upon substitution of one
Mo on the Mo edge by Co, which can be attributed to the coupling
of the Co moment to the edge state, and ii) ferromagnetism pos-
sibly originating from a decrease of zigzag edges, with associated
magnetism at grain boundaries.[192]

Xia and co-workers proposed a simple and efficient method
for the synthesis of few-layered WS2 nanosheets anchored on a
Co, N-doped carbon hollow polyhedron (namely, Co-based zeo-
lite imidazole framework (ZIF-67)) (Figure 13). A coordinated bi-
functional catalyst of WS2@Co9S8 exposing a large number of
active sites was obtained by one-pot mixing and subsequent cal-
cination. As Co9S8 tends to agglomerate at high temperatures,
a few-layered WS2 grown on the surface of Co9S8 was obtained.
Therefore, the combination of the hollow nanopore structure of
the MOF and the active metal center with the WS2 nanosheet
helped to achieve a uniform functionalization of the MOF sur-
face; as a result, the catalytic activity for OER and HER was signif-
icantly boosted. Therefore, the robust catalyst (WS2@Co9S8) pre-
pared by a simple and efficient synthesis method in this work can
serve as a highly promising bifunctional catalyst.[191] Additionally,
2D cobalt/nitrogen (Co/N) co-doped porous carbon nanosheets
were prepared by Hou et al. as catalysts for ORR in both ba-
sic and acidic conditions by employing cobalt porphyrin-based
2D conjugated microporous polymer as a precursor, using func-
tionalized graphene as a 2D template by direct pyrolysis. The
as-prepared nanosheets exhibited typical 2D morphology, high
specific surface areas and uniform Co/N co-doping feature. Ben-
efiting from these characteristics, the prepared nanosheets dis-
played a remarkable electrocatalytic performance for ORR in ba-
sic conditions (0.1 M KOH, E1/2 = −0.146 V versus Ag/AgCl
and four-electron transfer mechanism) as well as in acidic ones
(0.5 M H2SO4, E1/2 = 0.54 V versus Ag/AgCl). The authors at-
tributed this behavior to the high activity of CoNx active sites
among the conjugated microporous polymer nanosheets. They
also claim that such materials can find promising applications
in fuel cells and metal-air batteries and open up new avenues
for metal/heteroatom co-doped porous carbon materials with
promising performance for energy storage and conversion.[193]

Shao et al. synthesized Co-doped BiOBr (010) by a hydrother-
mal route and studied it through DFT calculations. Cobalt dop-
ing led to an enhanced charge separation efficiency and an ex-
panded light absorption region, with the theoretical calculations
revealing an additional energy level inserted into the band gap
of Co-doped BiOBr. Its conduction band bottom (CBM) and va-
lence band top (VBM) shifted toward lower energy regions. The
photocatalytic performance of the material was tested over the
photocatalytic degradation of tetracycline hydrochloride with re-
sults revealing an 83% degradation within 30 min.[194] Later on,
Wang et al. exploited the photocatalytic features deriving from
Co doping by constructing a thiourea-modified 2D/2D cobalt-
doped (BiO)2CO3/BiOCl heterojunction (Co-(BC/BL)Tu) by a one-
pot hydrothermal method. The produced composite displayed an
excellent photocurrent response and an enhanced charge sepa-
ration efficiency that benefitted its use in photocatalytic appli-
cations. The Co-(BC/BL)Tu) was also applied in the visible-light
driven photodegradation of tetracycline hydrochloride, with the
results revealing an outstanding performance as illustrated by
the photodegradation rate constant being 5.2 times higher than
(BiO)2CO3. The cobalt doping combined with the 2D/2D struc-

ture and the type II heterostructures contribute to enhanced pho-
tocatalytic performance and suggest a promising strategy for con-
structing a highly effective photocatalytic system.[195]

Kadam et al. synthesized a WS2/WO3 composite doped with
5% Fe, Co, and Ni by a colloidal method and studied the effect
of the doping elements in the catalytic performance in HER. The
doped materials maintained the flower-like morphology of the
pristine material, which provides multiple interfaces and abun-
dant edges in the composite rendering it a promising electrocat-
alyst. Among the ferromagnetic elements tested, the Co-doping
led to improved HER performance for the resulting material with
an overpotential at 10 mA cm−2 of 321 and 337 mV in acidic and
alkaline media, respectively. The Ni-doped counterpart had an
overpotential of 354 and 364 mV, whereas the Fe-doped mate-
rial exhibited an overpotential of 357 and 410 mV in acidic and
alkaline conditions at the aforementioned current density.[196]

Furthermore, Chen et al. constructed cobalt-doped 2D
graphene-coupled hyper-crosslinked porous polymer nanosheets
(Co-GHCP) using a nucleophilic substitution reaction prepared
via reversible addition fragmentation chain-transfer (RAFT)
emulsion polymerization with the macromolecular chain-
transfer agent of GO-DDAT. Co-GHCP transformed into cobalt-
doped porous carbon nanosheets (Co-GPC) through direct pyrol-
ysis treatment possessing a typical 2D morphology with a high
specific surface area. These intriguing properties of transition
metal-doping, high conductivity, and porous structure endow the
Co-GPC with great potential applications in energy storage and
conversion.[197]

In the case of Co-doping, its impact on magnetic properties is
lower than that of Fe, but it certainly cannot be neglected. More-
over, cobalt atoms at the edges of the 2D materials introduce addi-
tional metallic active sites that enhance electrocatalytic and pho-
tocatalytic properties, thus rendering the doped material ideal for
energy applications. It has to be noted that Co-doping can affect
the thickness and/or morphology of a given material, by control-
ling the growth rate of the material in different directions.

4.3. Ni-Doping

Materials of combined ferromagnetic and semiconducting na-
ture, preferably at room temperature, are of great interest. Nickel
(Ni2+), due to its exceptional chemical stability, is also recognized
as one of the most efficient doping elements to improve and/or
tune the electrical properties of different materials.

Han et al. prepared Ni-doped vanadium selenide by in-situ
growth on reduced graphene oxide (rGO) via a one-pot solvother-
mal route. The formed 2D composite Ni-VSe2/rGO exhibits
high conductivity and improved adsorbing and catalytic activ-
ity, which benefit its use in energy storage applications. In par-
ticular, this material served as a modified functional separator
in lithium-sulfur (Li-S) batteries thanks to its significantly im-
proved adsorbability to soluble lithium polysulfides (LiPSs) and
the increased electrocatalytic activity toward sulfur conversion
reactions. As a result, the Li-S cell with the Ni-VSe2/rGO modi-
fied separator has a high specific capacity of 510.3 mA h g−1 after
1190 cycles at 0.5 C.[198]

Wei et al. synthesized 2D Ni-doped MoS2 nanosheets via a
one-step electrochemical exfoliation strategy with high electrical
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Figure 14. Graphs depicting cyclic voltammetry (CV) curves, and specific capacitance as a function of scan rate of BiOBr and Ni-BiOBr with and without
LED irradiation. Schematic mechanism of the electron-hole pairs under LED for energy storage of Ni-BiOBr, crystal structure models and band structure
diagrams of BiOBr and Ni-BiOBr. Reproduced with permission.[202] Copyright 2023, Elsevier.

conductivity and abundant exposed active sites deriving from the
formation of stable 1T/2H phase-MoS2 heterojunction. The 2D
Ni-doped MoS2 was utilized as a HER electrocatalyst in alkaline
media with a low overpotential of 145 mV at 10 mA cm−2 and a
Tafel slope of 89 mV dec−1. It was also employed as cathode for
Zn-H2O battery displaying a high power density of 3.3 mW cm−2

with excellent stability. XPS before and after HER process
revealed an increase in the binding energy of Ni 2p implying a
higher valence state of Ni species in the Ni-doped MoS2; at the
same time, Ni 2p had a positive shift of 0.5 eV which is indica-
tive of electrons transferred from the Ni center to the adjacent H2
molecules; thus, Ni species served as the main active center for
HER.[199]

Wang et al. designed and fabricated a 2D/2D Ni-doped
CsPbBr3/Bi3O4Br Z-scheme heterojunction through an electro-
static self-assembly strategy and studied the photocatalytic CO2
conversion performance. Both experimental results and theo-
retical calculations confirmed that Ni doping in CsPbBr3 effi-
ciently expands spectral response, while it is at the same time
favorable for the adsorption and activation of CO2. The Ni-doped
CsPbBr3/Bi3O4Br exhibited superior CO evolution performance
under CO2 atmosphere with a yield of 387.57 μmol g−1, which
is about 12.3 and 3.7 times higher than the pure CsPbBr3 and
Bi3O4Br, respectively.[200] Kumar et al. fabricated few layered Ni-
doped MoS2 nanosheets by liquid phase exfoliation and deposited
the product onto CdS nanorods. The Ni-doped MoS2 upgraded
the photocatalytic activity of CdS for hydrogen production lead-
ing to a yield of 249 mmol h−1 g−1 which is 70 times higher than
pure CdS. The presence of metal doping, such as Ni, had positive
effects on conductivity, surface area, and the presence of active
sites. At the same time, the Ni and Mo sites in Ni-MoS2 are able
to enhance the kinetics of the catalytic reaction, as evidenced by

their strong water dissociation activity and constant hydrogen ad-
sorption ability.[201]

Khampunbut et al. fabricated Ni-BiOBr nanosheets through
one-step precipitation at ambient conditions. The designed
BiOBr lattice with Ni2+ insertion resulted in a decrement in
band gap energy, expecting that Ni-BiOBr can increase visible
light absorption and enhance the supercapacitor performance
(Figure 14). Once illuminated under UV light, Ni-BiOBr photo-
electrode delivered the highest specific capacitance (362.73 F g−1

at 0.5 A g−1), which is 1.45 times larger than that of dark
condition. In addition, the asymmetric supercapacitors of Ni-
BiOBr/reduced graphene oxide (rGO) offered an energy den-
sity of 39.95 Wh kg−1 at a power density of 725 W kg−1

and maintained 68% capacitance retention at 5 A g−1 after
1000 cycles under light irradiation. Thus, this work presents
a class of materials for photo-assisted charging supercapac-
itors, utilizing solar energy to enhance storage capacity.[202]

Azor et al. reported a synthetic pathway of high oxidation state
lamellar cobalt oxides with thicknesses of only a few atom
layers. The nanosheets preserved high oxidation states Co3+

and Co4+ which are of high interest for electrocatalysis of
the OER. By combining a high Co oxidation state, surface-to-
volume ratio and optimized Ni substitution, the nickel-doped
sodium cobaltite 2D nanomaterials exhibited high OER elec-
trocatalytic activity and stability in alkaline aqueous electrolyte
comparable to standard materials obtained in harsh thermal
conditions.[203]

In a similar manner to cobalt, the insertion of Ni-doping brings
about metallic active sites that benefit adsorption and catalytic
properties. It has been observed that 2D materials doped with
Ni exhibit higher electrical conductivity and improved electrocat-
alytic performance. Consequently, the utilization of such materi-
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als in supercapacitors and other energy storage devices is consid-
ered to be highly advantageous.

5. Proximity Effect Of Ferromagnetic Elements

The existence of intrinsic magnetism in organic materials
has been very controversial, with the purity of the material
being critical. Even though several studies claim that graphite or
other forms of carbon have inherent ferromagnetic properties,
in most cases, these properties were attributed to ferromagnetic
impurities.[204–206] It is well known that magnetic moments have
their origin in the presence of unpaired d and f electrons, while
graphene, similar to every carbon system with sp, sp2, and sp3

hybridization, lacks unpaired electrons.[207–209] Therefore, due to
the lack of unpaired electrons, graphene is known as a pure
diamagnet.[210,211] Nevertheless, there is a need for the induc-
tion of ferromagnetism to become applicable in the domain of
spintronics.[20,212]

Some studies suggest that the presence of structural
defects,[213–215] epoxy groups,[216] or the mixed sp2-sp3

hybridization[217] can lead to intrinsic ferromagnetism in
carbon-based materials such as graphene oxide,[218] without the
presence of modifications or the need of fluorination.[219] In one
way or another, the great electrical properties of graphene are
negatively affected. To surpass this main drawback, scientists
induced ferromagnetism in graphene by attaching it to mag-
netic materials and demonstrating the quantum anomalous
Hall effect.[220] This effect originates from the exchange inter-
action and spin-orbit coupling between the magnetic and the
non-magnetic material.[221]

The induced ferromagnetism into an intrinsically non-
magnetic material such as graphene caused by an adjacent fer-
romagnet is called the proximity effect or proximity-induced
ferromagnetism.[221] The atomic scale thickness of graphene and
other 2D materials favors the proximity effect.[222]

The proximity effect arises from either a continuous ferromag-
netic insulator layer[221,223,224] or a discontinuous magnetic struc-
ture, like magnetic nanoparticles,[225,226] without much differ-
ence in exchange coupling. Interestingly, proximity-induced fer-
romagnetism is capable of modulating the spin current by con-
trolling the direction of the exchange field, while the externally
applied field alone cannot cause significant spin precession.[227]

Graphene has zero band gap and unsaturated pz orbitals; both
properties are important for electronic interaction with 3d or-
bitals. The hybridization in carbon pz and ferromagnet dz orbitals
is very strong due to symmetry matching and their spatial over-
lap (Figure 15). Additionally, dzx and dzy orbitals can also interact
with pz because they have an out-of-plane component that over-
laps with pz.[224] These interactions between different orbitals of
adatoms and graphene can induce spin-polarization and, thus,
magnetic moment.[221]

Many scientists took advantage of the proximity effect and
studied the magnetic properties of carbon induced by adja-
cent ferromagnetic atoms. In particular, multiwall carbon nan-
otubes in contact with a flat cobalt-substrate lead to a spin
transfer of 0.1 μB per carbon atom,[228] and the Fe presence
in the C/Fe multilayer system induces a magnetic moment of
0.05 μB in carbon atoms.[229] Both cases of carbon magnetism
are influenced by the adjacent ferromagnetic atom and are re-

lated to the strong chemical interaction involving 3dz
2 and C

pz electrons and the spin polarization of the C pz orbitals.[230]

Later on, Weser et al. confirmed the induced magnetism in car-
bon atoms at a 2D graphene layer on a nickel (111) substrate
and estimated the magnetic moment of carbon atoms some-
where between 0.05 and 0.1 μB[231] based on the aforementioned
examples.[228,229]

Cobalt atoms in the graphene interface can induce ferromag-
netism due to charge transfer, with the observed coercivity being
516 Oe in a temperature as low as 2 K. As the temperature in-
creases, the coercivity of graphene decreases to 8 Oe at 50 K.[232]

However, in the presence of nitrogen, cobalt atoms are attached
better in graphene lattice and enhance the conductivity of the sys-
tems because of the additional p electron N possesses. Therefore,
nitrogen not only assists Co-N4 moiety-doped graphene to reach
the Stoner criterion but also maintains a stable ferromagnetic or-
dering in graphene with a Curie point of ≈400 K.[233,234]

Diamagnetic multilayer graphene demonstrated enhanced
magnetic properties after coating with cobalt ferrite (CoFe2O4)
nanoparticles due to the proximity effect. In particular, the satu-
ration magnetization of the composite increased in comparison
with pure CoFe2O4, while the coercivity field decreased. Addition-
ally, magnetic force microscopy (MFM) images revealed larger
magnetic domains in the composite than in the CoFe2O4 due to
the uniform size distribution of the nanoparticles.[235]

The Co-rGO nanohybrid demonstrates increased remanent
magnetization and coercivity in comparison with Co nanopar-
ticles but lower saturation magnetization. This is due to the
strong electronic interaction and charge transfer between rGO
and Co.[226]

Abtew et al. studied the effect of a single layer of graphene ad-
sorbed on nickel (111) and cobalt (111) surfaces with various lay-
ers/thicknesses (Figure 15). When graphene was adsorbed on a
single metallic layer of Ni and Co, the charge transfer was calcu-
lated to be 0.035e per C atom and 0.040e per C atom, respectively.
Interestingly, the interfacial interactions are not limited only to
the first layer, so in a 12-layer Ni and Co surface, charge transfer
increased to 0.07 e and 0.05 e per C atom, respectively. Accord-
ingly, as the layers of the ferromagnetic substrate increase, the
induced magnetic moments in graphene-Ni (111) increase from
0.54 to 0.72 μB per atom, and graphene-Co (111) increase from
1.59 to 1.81 μB per atom. Concomitantly, the magnetic moments
of the top ferromagnetic layer decrease by ≈20% for Ni and 10%
for Co. This effect has been proven that is not relative to the thick-
ness and cannot affect the inner layers of the substrate.[224]

Theoretical studies compared the various metal adatoms ad-
sorbed on graphene by ab initio calculations; as an outcome,
it turns out that probably the ferromagnetic elements (Fe, Co,
Ni) have higher charge transfer and stronger adatom-graphene
bonds relative to other elements, but both the magnetic moment
of the system and of the isolated atoms is lower than the anti-
ferromagnetic elements (Cr, Mn).[236] Surprisingly the magnetic
moment of the Ni-graphene system was calculated to be zero,
contradictory with studies showing that the graphene-nickel sys-
tem has a non-zero magnetic moment.[224]

Graphene/ferromagnet systems are highly applicable in
any kind of spintronic device because of their electronic,
magnetic, and interfacial properties.[237] Even more impor-
tantly, they open up new possibilities through the design of
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Figure 15. (Top) schematic illustration of isosurface plot of the charge density difference between graphene and Ni, schematics of the out-of-plane C-pz
and transition metals dz

2 orbitals, where d0 is the interlayer spacing between the C atom and the top Ni (Co) atom. Reproduced with permission.[224]

Copyright 2013, The Royal Society of Chemistry; (bottom-left) schematic illustration of proximity effect of graphene with magnetic nanoparticles,
SEM image of close-pack magnetic nanoparticles and hysteresis loop B-H for in-plane and out-of-plane directions of the sample. Reproduced with
permission.[225] Copyright 2019, American Chemical Society; (bottom-right) scheme representing the YIG/graphene structures and the configuration
used for dc voltage measurements, STM image showing the surface detail. Raman spectra of GGG/YIG, SiO2/graphene, and GGG/YIG/graphene and
low magnetic field dependence of the Hall resistance at room temperature. Reproduced with permission.[221] Copyright 2019, American Physical Society.

desirable properties by modifying the thickness of the fer-
romagnetic substrate[224] or the direction of the exchange
field.[227]

Chau et al. exploited the proximity effect to detect two-
dimensional ferromagnetism. In particular, they coupled mono-
layer graphene with 2D ferromagnet Cr2Ge2Te6 (CGT) and mon-
itored the modification of the graphene properties arising from
the magnetic-proximity effect of CGT. These results indicated
that graphene could sense the magnetic phase transition of the
CGT layer and foresee the development of electrical platforms
based on graphene heterostructures exploring various phases in
magnetic insulators.[238]

Based on the above-mentioned examples, proximity-induced
ferromagnetism has been extensively studied in graphene.
However, it does not constitute an exclusive property of
graphene derivatives as there are several examples evidenc-
ing that the proximity effect is favorable in 2D materials in
a broader extent. Ferromagnetism can be induced to 2D VSe2
at room temperature after coupling with ferromagnetic Co[239]

or Fe[240] thin film, with the induced magnetic moment being
about 0.3 μB and 0.16 μB per V atom at room temperature,
respectively.[239,240]

Also, MoS2, due to coupling effects with ferromagnetic
CoFe2O4 thin films, generated magnetoresistance. Jie et al.
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reported that this phenomenon was thickness-dependent as it
enhanced dramatically in the case of a monolayer. The presence
of CoFe2O4 thin film was critical for the coupling, while in the
case of SiO2/Si or MgO, the magnetoresistance effect was not
observed.[241]

Interestingly, there is evidence that a type of reverse phe-
nomenon of proximity effect can occur. It has been found
that the presence of 2D materials (graphene, h-BN, and WSe2)
can affect magnetic properties and specifically increase the
anisotropy field in a Co thin film. These 2D materials are able
to induce antisymmetric exchange known as Dzyaloshinskii-
Moriya interaction (DMI). Cobalt film in contact with the
graphene is vanishing almost completely the dz

2 contribu-
tion to the magnetic anisotropy, while the dxz-dyz and dxy-
dx

2-y
2 are not affected, leading to a selective quenching in

anisotropy.[242,243]

6. 2D Materials With 4f Elements

Hitherto, elements with 3d electrons hold the lion’s share of fer-
romagnetic materials and have monopolized the interest of the
scientific community. Rare earth elements begin to gain ground,
thanks to the unpaired f electrons. The 4f electrons are internal in
the atomic structure of rare earth elements and engage with other
electrons only with weak interactions. Despite that, f-block ele-
ments have more unpaired electrons than d-block elements, thus
providing a higher magnetic moment in the compounds they are
taking part. Additionally, 4f electrons are capable of stronger spin-
orbit coupling to 2D materials.[244,245]

Among lanthanides, gadolinium (Gd) is one of the most
prominent candidates to form 2D materials with fascinating
physical properties because of the near-room temperature ferro-
magnetism it possesses. Similarly, lanthanides with more than
half-filled f orbital (Tb, Dy, Ho, Er, Tm) but not fully filled (Yb, Lu)
have a reported Curie point; hence they exhibit ferromagnetism
even at an ultralow temperature (Figure 1).

In the following section, 2D materials based on gadolin-
ium and gadolinium-doped will be analyzed, while lanthanides
with a reported Curie point (Tb, Dy, Ho, Er, Tm) or con-
tribution in a 2D magnet (Eu) will be included. For the
sake of completion and comparison, non-magnetic lanthanides,
which form part of 2D materials, will be briefly mentioned as
well.

6.1. Gadolinium

Gadolinium stands out thanks to its near-room temperature fer-
romagnetic behavior. Ιts electron configuration [Xe 4f7 5d1 6s2]
renders it the element with the higher number of unpaired elec-
trons; thus, an extremely high magnetic moment appears, reach-
ing even 8 μB per atom in the chemical compounds it forms. Eu-
ropium has a very similar configuration to Gd, with the only dif-
ference in the absence of the d-electron, which is crucial for the
properties of this element. Theoretical studies emphasize the im-
portance of the d electron for the occurrence of hybridization, the
exchange interactions, and even a high Curie point. The 4f elec-
trons of Gd occupy spin-up orbitals, leaving spin-down orbitals

empty, leading to a narrow and high-density distribution. There-
fore, 4f electrons are highly localized and are not participating di-
rectly in the magnetic exchange interactions.[246,247] In that case,
the 5d electron acting as a bridge facilitates the coupling of 4f
localized electrons.[245]

Gadolinium tungstate,[248] besides its excellent electri-
cal conductivity, high chemical and thermal stability and
good transport properties, stands out from other rare earth
metal tungstates[249,250] thanks to its low toxicity and excellent
ferroelectricity.[251]

Gadolinium tungstate (Gd2(WO4)3) nanoflakes of 2D were
synthesized via a coprecipitation method and revealed promis-
ing features in the analysis and photodegradation of carbendazim
(Figure 16). Gadolinium tungstate 2D nanoflakes can be stim-
ulated to produce electron-hole pairs under visible light, which
can lead to degrade and mineralize 98 and 74% of carbendazim,
respectively. Moreover, its good electrocatalytic properties with a
significant selectivity in carbendazim resulted in a LOD as low
as 0.005 μM with the linear range response being from 0.02 to
40 μM. Therefore, 2D Gd2(WO4)3 can be a favorable candidate
for catalytic and sustainable environmental applications.[248]

Besides gadolinium, the whole class of lanthanides is attract-
ing much interest in searching for new magnetic materials
with low dimensionality for modern spintronic applications. Eu-
ropium does not exhibit ferromagnetic order at any temperature,
but its structural similarity with gadolinium can highlight the im-
portance of the d electron (present in Gd).

Storchak group has extensively studied the potential of Eu
heterostructures to form 2D magnets. By utilizing carbon and
graphitic form,[253–255] silicon,[256] or germanium,[252,257,258] they
highlight the importance of Eu presence and its contribution to
the magnetic properties of the produced 2D heterostructures.
Moreover, they provide interesting insights regarding the transi-
tion of the 3D antiferromagnetism to 2D ferromagnetism for lan-
thanide metalloxenes and offer a comparison between Gd and Eu
coupled with Si or Ge network.[252,256] In the case of germanium,
the two LnGe2 (where Ln = Eu, Gd) compounds are quite sim-
ilar in terms of magnetism, with Eu ions exhibiting a weak fer-
romagnetic coupling in their bulk form[259] that leads to a higher
magnetic moment for the respective 2D EuGe2; in fact, its mag-
netization can even reach a value which is an order of magni-
tude higher than that of GdGe2 (Figure 16).[252] In the case of
Si, the 2D EuSi2 and GdSi2 own a similar magnetic moment
with a value slightly lower than 1 μB per formula unit at satura-
tion. In LnSi2 and LnGe2, a decrease in the thickness and dimen-
sionality leads to a transition from antiferromagnetism to fer-
romagnetism, with the magnetic moments favoring an in-plane
orientation.[252,256]

Theoretical calculations predicted intrinsic ferromagnetism
in EuBr/graphene heterojunctions with a magnetic moment as
high as 7 μB per Eu atom. TC varies between 2 and 10 K depend-
ing on the external strain. The presence of graphene contributed
to the stability of the EuBr monolayer crystal, while the magnetic
properties were attributed to the Eu 4f electrons.[260] Even though
EuBr/graphene was not studied experimentally but only theoret-
ically, Tan et al. claim that its synthesis could be quick and facile
without demanding the use of molecular beam epitaxy that has
already been used in the synthesis of some of the aforementioned
materials.[253,254]
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Figure 16. (Top) schematic illustration of 2D Gd2(WO4)3 material preparation, graphs depicting electrocatalytic activity toward carbendazim (CBZ) oxi-
dation and photocatalytic degradation of CBZ. Reproduced with permission.[248] Copyright 2019, American Chemical Society; (bottom) scheme present-
ing Ln metalloxenes and temperature-magnetization correlation of 3D antiferromagnetism and 2D ferromagnetism. Graphs depicting the dependence
of saturation magnetization from the number of layers for EuGe2 and GdGe2. Reproduced with permission.[252] Copyright 2019, The Royal Society of
Chemistry.

6.2. Gd-Doping

Based on the ability of Gd3+ ions to capture and release elec-
trons, a Gd-doped 2D Bi2MoO6 nanosheet photocatalyst for ni-
trogen reduction with an in-built Gd3+ redox center was de-
signed and prepared by Li et al. (Figure 17). Results showed
that Gd-doping increased the number of reaction sites by en-
hancing the specific surface area of 2D Bi2MoO6 and promoted
the separation and transfer of photogenerated carriers by form-
ing in-built Gd3+ redox centers. The visible-light-driven nitro-
gen reduction performance of Gd-Bi2MoO6 was improved, and
the average yield of NH3 was 300.15 μmol g−1 h−1 (≈5.8 times
bigger than pure Bi2MoO6). Theoretical calculations indicate
that the Gd3+ redox centers can also control the formation of
*NHNH to regulate the nitrogen reduction reaction, thus ef-
fectively accelerating the conversion of N2 to NH3 as a 2D
catalyst.[261]

Marani et al. also managed to exfoliate gadolinium-doped
cerium oxide utilizing a water-based synthetic route. In order
to facilitate the exfoliation by minimizing the interfacial ener-
getic cost, a water/ethanol medium was selected as a solvent.
In particular, the authors applied sonication in the layered ma-
terial in various ratios of water/ethanol for 8 h. The results indi-
cated that the reaction temperature was a critical parameter for
the formation of 2D layers from nanoparticles. The optimal prod-
uct was obtained at 40 °C at volume ratios from 0.15 to 0.35. The
small size, extended surface area, and homogenous distribution
of Gd particles are favorable qualities for exploitation in various
applications.[262]

Kang et al. doped MoS2 and WSe2 with gadolinium and other
lanthanides through a novel DNA-based method by selecting
and combining different types of positive ions on DNA struc-
tures. The newly proposed concept is referred to as Co-DNA,
which is DNA functionalized by both divalent and trivalent Ln
ions. The Co-DNA-doped TMDs were investigated as photode-
tector devices. Results showed that Eu3+ or Gd3+ doped MoS2 de-
vices showed a higher photoresponsivity than Tb3+ or Er3+ due
to their broader depletion width and, subsequently, higher pho-
tocurrent. At the same time, in the case of WSe2, an opposite
trend was observed, with the Tb3+ and Er3+ doped devices exhibit-
ing higher photoresponsivity. Then, p-doping of MoS2 by Gd3+-
based Co-DNA and n-doping of WSe2 by Tb3+-based Co-DNA re-
sulted in a better optoelectronic performance at 785 and 850 nm
as compared to the control devices; a radically improved perfor-
mance was observed at 655 nm in the devices doped by Tb3+-
based Co-DNA, but not in the case of Gd3+-based Co-DNA. This
was attributed to the excellent emission and absorption proper-
ties of Tb3+-based Co-DNA around 655 nm through photolumi-
nescence analysis. In contrast, Gd3+ ions generally show emit-
ting and absorbing properties in the wavelength range between
250–312 nm.[263]

Zhang et al. predicted that Gd doping in monolayer MoS2
can produce a p-type semiconductor and display ferromagnetism
depending on the relative position of the gadolinium atoms.
Ferromagnetism is mediated by coupling between Gd 5d and
Mo 4d and intra-atomic d-f exchange interaction, emphasiz-
ing once more the importance of 5d electrons in gadolinium
configuration.[264] Theoretical studies reporting ferromagnetic
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Figure 17. (Top) schematic illustration of Gd-BMO catalyst for photocat-
alytic nitrogen reduction under visible light irradiation; (middle) SEM im-
ages of Gd-BMO for various Gd concentrations and (bottom) performance
of Gd-BMO with various Gd concentrations for photocatalytic nitrogen re-
duction over time. Reproduced with permission.[261] Copyright 2022, El-
sevier.

behavior emerging from Gd doping highlight the importance of
further investigation of 2D materials doped with gadolinium and
their potential for utilization in spintronics.

In light of that, Rafiq et al. synthesized Gd3+-doped MXene
(Ti3C2) sheets through a co-precipitation method and studied
their magnetic behavior. The Gd-doped MXene possessed a high
magnetic moment and room temperature ferromagnetic hystere-
sis loop attributed to the Ti-3d electrons with measurable spin-
density of states around Fermi level. Gd doping offers a large
number of unpaired electrons in the MXene around Fermi level,
promoting a soft ferromagnetic behavior. Additionally, Gd dop-

ing led to band gap reduction of undoped MXene from 2.06
to 1.93 eV; this characteristic can be combined with ferromag-
netism, favoring the use of the resulting MXene composite in
spintronic applications.[265]

6.3. Other Ferromagnetic 4f Elements

A 2D dysprosium-based MOF was synthesized through a
microwave-assisted approach, exhibiting single ion magnet be-
havior and it is considered as the first 2D single molecular
magnet.[266] Utilizing dysprosium as a dopant in a 2D struc-
ture can improve electrical conductivity and lithium diffusion.
Furthermore, in combination with the defects introduced in the
structure, Dy-doping can lead to a high rate capacity of lithium-
ion batteries.[267]

Zirconium-based-MOF of 2D (Zr-BTB, BTB = 1,5,5-tri(4-
carboxyphenyl)benzyne) was modified with terbium by a post-
synthetic modification stage in which temperature was the crit-
ical parameter for terbium loading; higher temperatures found
to increase terbium loading. Photoluminescence was amplified
by higher Tb loading, thus higher modification temperature,
which linearly decreased with increasing concentration of ni-
trite ions. Therefore, 2D Tb-Zr-MOF was successfully applied
for the photoluminescent detection of nitrite with a LOD of
81.8 nM and good selectivity against common ionic interferents
(Figure 18).[268] In addition, other studies reported that terbium
presence in 2D structures could affect their properties or modifi-
cation capabilities.[269,270]

Erbium doping in 2D WSe2 nanosheets extended the lumines-
cence emission of the initial material to (near-infrared) NIR II
and exhibited photothermal conversion efficiency of 35.2%. The
Er-doped WSe2 was utilized for in vivo stimulation of pork and
achieved a local temperature of 50 °C in 10 minutes of laser irradi-
ation. The area under the irradiation did not reach a temperature
higher than 32 °C, allowing efficient photothermal therapy tar-
geting cancer cells over normal ones. The material is promising
for diagnosis and therapeutics thanks to its properties that en-
able bioimaging and photothermal therapy (Figure 18).[271] Addi-
tionally, there are other examples of 2D materials with integrated
erbium or erbium-doping that exhibit desirable photoresponsive
properties such as fluorescence or photoluminescence.[272,273]

Holmium ions were successfully intercalated into 2D mate-
rials (montmorillonite (MMT), MXene, MoS2, MOF, and GO)
by soaking into Ho(NO3)3. In that case, the magnetic response
can be tuned and boosted by controlling the soaking time, thus
the holmium loading. The 2D structure of the material facilitates
higher holmium loading by providing anisotropic confinement
space, which 0D or 1D structures cannot. This effect could be
reversible by rinsing with dilute acids or ion-chelating agents.
Ho-intercalated 2D materials with reversible magnetic responses
can be utilized for the development of magnetically responsive
2D actuators.[274] Theoretical calculations also suggest Ho as a
promising dopant for MoS2 to fabricate semiconductors with ro-
bust magnetism for spintronic applications. The TC of the Ho-
doped MoS2 depends on the Ho ratio; when the ratio is higher
than 6.25%, the TC is much higher than room temperature. The
respective MoS2 doped with Er, Dy, or Cu presented considerably
lower TC.[275] Finally, it is noted that 2D thulium oxide (Tm2O3)
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Figure 18. (Top) emission spectra of undoped and Tb-doped Zr-TBT for
various activation temperatures (40, 80, 120 °C) and performance of Tb-
ZrTBT120 in nitrite sensing; schematic representation of terbium intro-
duced on a 2D ZrBTB by using post-synthetic modification for application
in photoluminescence nitrite sensing. Reproduced with permission.[268]

Copyright 2022, The Royal Society of Chemistry. (Bottom) Diagram of pho-
tothermal (PT) imaging process and IR images of erbium-doped WSe2
nanosheet powders demonstrating patterned shapes of a triangle and the
letter H. Reproduced with permission.[271] Copyright 2021, Elsevier.

nanosquare sheets were synthesized by a hydrothermal method,
characterized structurally and spectroscopically but not tested for
any applications yet.[276]

6.4. Other Non-Ferromagnetic 4f Elements

Apart from promethium (radioactive) and lutetium, which have
limited contribution in the formation or doping of 2D materi-
als, the rest lanthanides have been incorporated in 2D struc-
tures as well. Sonochemically synthesized samarium molybdate
nanoplatelets were employed for electrochemical determination
of insecticide oxyparathion with a limit of detection of 2 nM.[277]

Moreover, samarium hydroxide attached to g-C3N4 nanosheets
displayed good specific capacitance and was applied as an anode
in an asymmetric supercapacitor device.[278]

A thin 2D Ytterbium-MOF exhibited a thickness-dependent
electrochemiluminescence and was utilized for the detection of
picric acid and berberine chloride form with a limit of detec-
tion reaching 81.3 nM and 36.5 nM, respectively.[279] Yb-doped
perovskite nanosheets carried optimal photoluminescence quan-
tum yields of 128% and were applied for a photodetector with
dual-band detection capability.[280] A 2D Yb-TCPP MOF (where

TCPP=tetra(4-carboxyphenyl) porphin) was prepared by a wet
chemical method and applied in photodynamic therapy thanks
to its in vitro anticancer effect.[281]

A single-atom lanthanum 2D N-doped GO showed good elec-
trocatalytic properties toward oxygen reduction reaction and it is
a bifunctional electrocatalyst. Moreover, it was utilized as a cath-
ode in a zinc-air battery exhibiting a power density of 80.9 mW
cm−2.[282] Furthermore, a 2D lanthanum-cobalt hydroxide was
used as an anode for supercapacitor applications, offering a high
specific capacity (2162 C g−1) for extended cycling tests (15 000
cycles with 96.55% capacity retention).[283]

2D CeO2 nanoflakes synthesized by a combustion process
showed good photocatalytic activity towards the degradation of
the red-23 dye and electrochemical response in hydroquinone
presence with a sensitivity of 2.04 μA mμ−1 cm−2 and LOD of
2.9 μM.[284] Fluorine-cerium nanosheets are porous structured
2D materials with precise molecular separation ability which is
useful for molecular sieving.[285]

A low symmetry structure of 2D NdSb2 demonstrated
an anisotropic phonon vibration and in-plane photoelectric
anisotropy, and it was utilized as a broadband photodetector.[286]

2D PrOBr was predicted among many 2D rare earth materials
through computational databases as a good photocatalyst and val-
idated as such by testing toward HER and carbon dioxide reduc-
tion reaction. Indeed, ultrasonic exfoliated 2D PrOBr exhibited
good photocatalytic properties outperforming common 2D pho-
tocatalysts like C3N4 and BiOCl.[287]

7. Summary and Outlook

In materials science, two-dimensionality is a highly desirable
morphological configuration thanks to the emerging fascinating
properties deriving from it. Theories supporting that ferromag-
netic order could not be one of them, were disproven, and a whole
new field of studies unfolded. 2D ferromagnetism paves the way
for the full exploitation of 2D materials in spintronic applications
by providing alternative ways to manipulate the spin effectively,
with the thickness of the material playing a critical role both in
ferromagnetic properties and in spin polarization.

In the quest for 2D materials with improved magnetic prop-
erties, the presence of ferromagnetic elements is of great impor-
tance. Their high magnetic moment and their abilities for spin-
orbit coupling render them ideal candidates to form the next-
generation 2D magnets. Nevertheless, 2D magnetism is just the
fundamental characteristic among the numerous capabilities of
ferromagnetic elements. The elements under discussion, either
as structural constituents or as dopants, can provide several valu-
able properties to the 2D materials that will benefit their use in
various applications in fields of catalysis, sensing, energy stor-
age, and electromagnetic shielding, among others (Figure 19).
For instance, ferromagnetic elements may induce a range of
magnetism-related effects which can be favorable for electro-
chemical performance, especially when applying a suitable exter-
nal magnetic field. The properties of a 2D material are largely in-
fluenced by parameters such as temperature and thermal fluctu-
ations. Curie point determines the behavior of each material and
can be adjusted by modifying i) the thickness, ii) the magnetic
element composition, ii) the structural or morphological fea-
tures, and iv) the preparation process of the material. Even a
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Figure 19. Applications overview of 2D materials comprising ferromagnetic elements.

seemingly subtle modification of any of these parameters might
induce a considerable or even strong effect on the rest of them.

The presence of a ferromagnetic element as an adjacent atom
to a 2D material can induce ferromagnetism via a phenomenon
called the proximity effect. This exclusive property of ferromag-
netic elements can become a promising tool to transform any
“conventional” 2D material into a 2D magnet.

Besides the common ferromagnetic elements (Fe, Co, Ni),
some lanthanides, with or without any reported ferromagnetic
order at any temperature, can promote the appearance of high
magnetic moments thanks to their f electrons and participate in
the formation of 2D materials with intriguing properties. As a
matter of fact, the combination of common ferromagnetic ele-
ments with lanthanides resulted in alloys (NdFeB, SmCo) with
high remanence magnetism and high magnetic coercivity (i.e.,
high BHmax), making them the best permanent magnets so far.
Thus, it could lead to 2D magnets with very advantageous prop-
erties.

To this end, several reported 2D materials incorporating fer-
romagnetic elements stand out because of their intriguing prop-
erties. Firstly, Fe3GeTe2 and respective materials, thanks to their
metallic character, itinerant ferromagnetism and good air stabil-
ity, even in monolayers, are promising candidates for spintronic
devices. Additionally, Ni-BDC stands out thanks to its good elec-
trocatalytic properties that benefit its use as a water-splitting reac-
tion electrocatalyst, a sensing mediator, and a battery anode mate-
rial. It is noted that ferromagnetic elements comprise a rather in-
expensive alternative to noble metals in electrocatalysis, offering
numerous metallic active sites that promote the water-splitting
reaction. Studies have shown that the 2D form of these materi-
als is more effective in electrocatalysis thanks to its larger surface

area compared to its bulk form. Cobalt and iron seem to have a
positive effect on MoS2 either as an adjacent atom or as a dopant,
providing MoS2 coveted magnetic and electronic properties that
will facilitate its use in spintronics.

In conclusion, ferromagnetic elements, by forming and dop-
ing 2D materials, are able to improve the already existing proper-
ties and endow new ones. At the same time, in proximity to such
2D materials, ferromagnetic elements can induce the appearance
of ferromagnetic behavior and grant long-lasting magnetic prop-
erties. The materials under discussion have remarkable prop-
erties which render them suitable for a range of applications,
such as electrocatalysis, energy storage, sensing and spintron-
ics, among others. In certain cases their performance matches or
is superior than that of benchmark materials, whereas in other
cases it may be a bit lesser but it is still competitive, taking into
account also criteria such as the cost-efficiency.

The current challenges in the field of 2D ferromagnetism have
to do with the discovery of monolayered materials with i) room
temperature ferromagnetic order, ii) high conductivity, and iii)
good air stability that can be produced in a large scale and be im-
plemented in practical applications. Ferromagnetic elements are
anticipated to unlock these challenges and give rise to novel ma-
terials with superb properties. In this context, it would be help-
ful to manage the further development of more modern charac-
terization techniques for the materials under discussion. Even
minor modifications in the surface characteristics of 2D mate-
rials (e.g., population of defects) may have a considerable effect
on their apparent properties and on the resulting performance
in applications. In this frame, ultra-high resolution electron
microscopy techniques may help to shed more light on the pecu-
liar structural features of 2D materials, even at the atomic scale.
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In this way, a better feedback can be provided to the synthetic
community, which will aim to elaborate more tailored synthetic
approaches, aiming to achieve the acquisition of specific mor-
phological, structural and compositional features in order to pro-
duce 2D materials ‘by design‘. In situ monitoring characteriza-
tion techniques can be utilized more frequently since they help
to better study the growth evolution of 2D materials in real-time,
thus gaining important insights on their growth mechanisms.
Finally, artificial intelligence and machine learning can help to
predict the best-performing 2D materials of the future, by analyz-
ing thoroughly the existing data from the literature. As a result,
valuable labor time will be saved, by directing the research en-
deavors of experimental scientists in well-planned avenues. The
risk of a failed experiment may never disappear, but it can be at
least minimized, with the help of well-focused analyses of data,
simulations and computations.
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