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Functional two-dimensional high-entropy materials
Srinivasa Kartik Nemani 1,6, Mohammad Torkamanzadeh2,3,6,

Brian C. Wyatt1,6, Volker Presser 2,3,4✉ & Babak Anasori1,5✉

Multiple principal element or high-entropy materials have recently been studied in the two-

dimensional (2D) materials phase space. These promising classes of materials combine the

unique behavior of solid-solution and entropy-stabilized systems with high aspect ratios and

atomically thin characteristics of 2D materials. The current experimental space of these

materials includes 2D transition metal oxides, carbides/carbonitrides/nitrides (MXenes),

dichalcogenides, and hydrotalcites. However, high-entropy 2D materials have the potential to

expand into other types, such as 2D metal-organic frameworks, 2D transition metal carbo-

chalcogenides, and 2D transition metal borides (MBenes). Here, we discuss the entropy

stabilization from bulk to 2D systems, the effects of disordered multi-valent elements on

lattice distortion and local electronic structures and elucidate how these local changes

influence the catalytic and electrochemical behavior of these 2D high-entropy materials. We

also provide a perspective on 2D high-entropy materials research and its challenges and

discuss the importance of this emerging field of nanomaterials in designing tunable com-

positions with unique electronic structures for energy, catalytic, electronic, and structural

applications.

H istorically, alloying has been a popular method in metallurgy to derive unique and
superior properties in metals1,2. Efforts toward the exploration of alloys with multiple
principal metals at equimolar or near equimolar ratios have led to the realization of

multicomponent systems with unique structure–property synergies3,4. These materials are sta-
bilized by the increased effect of configurational entropy, as demonstrated in the high-entropy
alloys phase space at the bulk scale since the 2000s5–9.

Furthermore, the inclusion of non-metallic species, such as carbon, hydrogen, nitrogen, and
oxygen, has been studied either at a few at.% in high-entropy alloys or to occupy the interstitial
sites of the metal lattice to form new compounds to accentuate the properties of these materials.
For example, the addition of 2 at.% oxygen increases the mechanical strength and ductility10,
<0.5 at.% carbon enhances phase stability and wear resistance11,12, <0.6 at.% boron improves
hardness, while the inclusion of hydrogen at ~50 mass% ppm reduces the stacking fault energies
leading to localized strain hardening in alloys13. Consequently, the high-entropy materials space
has expanded further into non-metallic compounds with bulk nitride films14,15, crystalline16–18

and amorphous19 oxides, carbides20,21, borides22, silicides23,24, and chalcogenides25 mostly since
2015. This expansion has been driven by their potential for attractive properties in applications
ranging from mechanical20, catalysis26,27, thermal28,29, electrical, energy storage, and
harvesting30. Some of the compounds reported to date have a low or medium entropic
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contribution (non-equimolar compositions and less than four
principal elements), also referred to as compositionally complex
ceramics31.

The concept of high entropy at the nanoscale was introduced
in 201732, and further expanded to layered two-dimensional (2D)
materials in 2020–2022 with entropy-stabilized multiple principal
elements in oxide, chalcogenide, carbide/carbonitride (MXenes),
hydroxide forms with promising practical applications27,33–42.
Furthermore, van der Waals heterostructures of entropy-
stabilized 2D chalcogenides and halides have exhibited super-
conductivity, unique magnetic behavior, and heterogeneous cat-
alytic activity43. Figure 1a shows the timeline from the realization
of entropy stabilization in bulk phases, alloys in 2004 and cera-
mics in 2015, to layered 2D materials in 2020–2021. While high-
entropy 2D materials are still in their infancy, the combination of
their high surface area and functionalities of 2D materials with
entropy stabilization brings the promise to accelerate materials
discovery for applications such as energy conversion or storage.

In this perspective, we discuss entropy stabilization from bulk
to 2D systems, the effects of disordered multi-valent elements on
lattice distortion and local electronic structures, and elucidate
these changes on the catalytic and electrochemical behavior of 2D
high-entropy materials. While in bulk form, these materials have
been explored for their stability and mechanical behavior,

since no studies have reported the mechanical properties of
high-entropy 2D materials, we focus more on applications such as
energy conversion and storage, which are current areas of interest
for 2D materials.

High entropy structures
The formation and stabilization of high-entropy materials come
with various degrees of mixing in the metallic sublattices.
Figure 1b shows an array of entropy-stabilized systems where
order–disorder transitions are possible with substitutional inter-
faces (non-equimolar systems)44, short-range ordering (localized
clustering)45, and complete randomized solid solutions (with an
increase in the number of constituents) in a system comprising of
multiple elements. Increasing the number of species increases the
contribution of the entropy term in Gibbs’ free energy equation,
making configurational entropy the main contributor to system
stability, as shown in Fig. 1c. Unlike in high-entropy alloys, in
high-entropy compounds, the presence of non-metals (as we will
refer to them as X) in the metal interstitial sites (referred to as M)
can lead to complex M–X coordination bonding states17,46.
Further, the presence of non-metallic sublattices enables a larger
selectivity and diversity in the M species with room for elements
of larger ionic radii and M–X bond lengths with little effect on

Fig. 1 Progress in high-entropy materials research. a Timeline and progress in entropy-stabilized systems over the past decade with the transition toward
high-entropy 2D materials in 2021. b Four different degrees of order and disorder between the phase-segregated structures and the ideal entropy-stabilized
solid solutions. b reproduced with permission from ref. 75 (copyright AAAS, 2021); c Configurational entropy change as a function of the number of species
(N) and the mole fraction of the Xth component system varying from N= 2 to N= 5. c Reproduced with permission from ref. 17 (copyright Springer Nature,
2015). The maximum entropy is attained at equimolar compositions. Depending on S/R, one distinguishes between low, medium, and high-entropy
materials. The panel on the right shows the energy (E) region for dominant entropy effects (shaded area) in a system. Reproduced with permission from
ref. 88 (copyright Wiley, 2017). The red line indicates the enthalpic contribution (ΔH), and the line in green shows the entropic contribution (ΔS). d A
multiple principal element system with 2 metallic and 3 non-metallic species in the crystal lattice as an example of entropy stabilization by both metal and

non-metal sites. Entropic contribution from both the sublattices is given by: ΔSmix ¼ �R

�
∑N

i¼1xi ln xi
� �

cation�site
þ ∑N

j¼1xj ln xj
� �

anion�site

�
. d Reproduced

with permission from ref. 49 (copyright, Elsevier, 2020).
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lattice distortion46–48. Similarly, entropy stabilization can also be
achieved through mixing in the X sites, leading to bulk single-
phase materials forming, as shown in Fig. 1d49,50.

Various characterization methods are required to confirm the
high configurational entropy of the system. X-ray/neutron
diffraction51, and scanning transmission electron microscopy
combined with energy-dispersive X-ray spectroscopy, and high-
angle annular dark-field methods have been used to delineate and
map the principal elements52. Atomic scale tomographic tech-
niques may also be explored to accentuate these methods53,54.
Altering the stoichiometric ratio beyond the equimolar ratio can
be used as a qualitative method to evaluate the effect of entropy in
stabilizing the structure34. In addition, spectroscopy methods,
such as X-ray photoelectron spectroscopy, are currently being
implemented to understand the complex oxidation states and
their effect on properties in high-entropy nanomaterials55.

The elements and their coordination states affect these materials’
interaction with surrounding species in the lattice. The compatibility
of transition metals and post-transition metals in different coordina-
tion states can be examined to understand the role of charge transfer
between the cations in a high-entropy material structure. In Fig. 2a,

the compatibility of multi-valent metals in a cubic rock-salt lattice is
demonstrated with their compatibility factor, labeled as the normal-
ized temperature of mixing, or Tmix, normalized

56. The compatibility, in
this case, measures the propensity of a metal to transfer charge from
one metal to another and maintain stability in a singular lattice. The
green color, such as Fe3+ or V3+ with a Tmix, normalized= 0.0, is
considered more compatible than the red elements, such as Zn2+ or
Al3+ with a Tmix, normalized= 1.056. In high-entropy materials, this
charge transfer between the mixed metals plays a significant role in
their inherent structural and electronic characteristics and their sub-
sequent material properties.

2D high-entropy structures
The charge transfer process and changing local coordination states
of metals within a high-entropy structure to create stable dis-
ordered lattice structures also impact the local strain within a lat-
tice. The occupancy of multiple metal or non-metal sites in a 2D
high-entropy material results in localized tensile and compressive
strains on the lattice structure57. This strain results from the mixed
atomic sizes of multi-valent distinct elements, as shown in Fig. 2b.

Fig. 2 Compatibility and effect of coordination states in multiple M elements. a Normalized temperature at which two paired cations are stable in a
cation-disordered rock-salt structure. a reproduced with permission from ref. 56 (copyright Springer Nature, 2021). b Mechanical straining of multiple
different-sized cations on the distortion of a rock-salt ceramic structure. c Mechanical distortion of the lattice of a (TiVZrNbTa)2CTx MXene as-measured
via scanning transmission electron microscopy (STEM). c Reproduced with permission from ref. 38 (copyright Wiley, 2021). d Local changes in P–P bond
length in a high-entropy Cox(VMnNiZn)1−xPS3 structure with change in Co37. e Change in hydrogen evolution reaction behavior based on P–P distance37.
f Binding energy of the S 2p3/2 and P 2p3/2 peak as measured via X-ray photoelectron spectroscopy (XPS). d–f Reproduced with permission from ref. 37

(copyright American Chemical Society, ACS 2022).
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Using scanning transmission electron microscopy, the effect of five
transition metals on the lattice can be seen by viewing the 2D
structure perpendicular to the basal plane. By measuring the
average distortion of the hexagonal lattice structure, the strain (red
for tensile, blue for compressive) can be mapped onto the basal
plane as seen in Fig. 1c for (TiVZrNbTa)2CTx MXene38, which
demonstrates the local distortion caused by elements with various
atomic radii in a single 2D material.

At the 2D nanosheet level, since most of the atoms are either on
the surface or at the neighboring sites to the basal plane, localized
strain and changes in electronic structure will have dominant effects
on the material’s properties. In a study on high-entropy 2D phos-
phorous trichalcogenides, Cox(VMnNiZn)1−xPS3, the strain in the
structure and localized changes in the electronic structure with their
relative effects on the material’s electrocatalysis behavior were
explored37. A five-fold increase in the lattice strain was reported
using powder X-ray diffraction on the bulk-layered phosphorous
trichalcogenides. The high-entropy mixtures of Cox(VMn-
NiZn)1−xPS3 also altered the X–X bond length (P–P bond here), and
an increment-decrement relationship between the cobalt content and
P–P bond length was observed (Fig. 2d). The effect of this P–P bond
length change based on Co composition can be seen in Fig. 2e, where
the highest hydrogen evolution reactivity is around a Co molar ratio
of ~0.5. Because of these tunable P–P bonds, the authors speculate
that a high-entropy structure could redistribute the electron density
at each P atom and make it more active for electrocatalysis reactions.
The authors also conducted X-ray photoelectron spectroscopy on
Co0.6(VMnNiZn)0.4PS3 and compared it with the corresponding
single-metal phosphorous trichalcogenides (CoPS3, VPS3, MnPS3,
NiPS3, and ZnPS3). The results indicated the lowest binding energy
states for both P and S, confirming a higher electron-donating
character for the [P2S6]4− sites, which leads to better hydrogen
adsorption in hydrogen evolution reactions (HER)37. The changes in
the HER activity of Cox(VMnNiZn)1−xPS337 demonstrate the effects
of multiple elements on the electronic structure localized changes
around cation and anion sites which can further control potential
binding sites for energy storage or catalytic activity. However, further
studies are necessary to fully investigate the effect of high entropy on
the energy storage and conversion behavior of these 2D materials.

2D high-entropy materials in energy storage and conversion
There has been a growing research focus using the concept of high
entropy in all components of an energy storage device, the elec-
trodes (anode and cathode)46,58, as well as solid-59,60, and liquid-
state electrolytes61 (Fig. 3a, b). The possibility of tuning the bond
length, electronic structure, and charge transfer in high-entropy
materials coupled with the high surface area of 2D materials makes
high-entropy 2D materials attractive candidates for energy storage
and conversion. Current studies in high-entropy 2D systems have
focused primarily on electrode materials.

The MXenes family has been explored extensively as electrode
materials with research on their various synthesis techniques and
modification strategies over the past decade62,63. However, it was
not until recently that the high-entropy MXenes with four or
more transition metal elements were reported34,36,64. These high-
entropy MXenes are derived from their bulk precursors: the high-
entropy MAX phases. While solid-solution double transition
metal MAX phases have been studied for several decades, phase
pure high-entropy MAX phases were not explored or reported
independently of their 2D MXene counterparts.

As an outcome of the top-down synthesis approach, the
MXenes’ basal planes are decorated with functional moieties
(such as –OH,=O, –F, –Cl, –S) bonded to the surface transition
metal. The termination compositions depend highly on the
synthesis route, providing another degree of tunability aside from

the principal M and X elements65. The surface functional groups
further control the electronic properties (metallic conductors to
semiconductors, and superconductivity)66,67, and stability.

So far, five compositions of high-entropy MXenes have been
reported since 2021, and a few of them are being studied in
energy storage applications. Those include Ti1.1V0.7CrxNb1.0-
Ta0.6CTx used as Li-ion battery (LIB) anode, Zn-ion64, and
H2SO4 supercapacitor electrodes36, (TiZrNbTa)2CTx and
(Ti0.2V0.2Zr0.2Nb0.2Ta0.2)2C as LIB anodes38, and (TiVZrNb-
Ta)2CN as lithium–sulfur battery cathode68. When used as a LIB
anode, delaminated Ti1.1V0.7CrxNb1.0Ta0.6C3Tx MXene film
exhibited a first-cycle capacity of 126 mAh g−1 at 0.01 A g−1, and
a long-term stable capacitance of 40 mAh g−1 at 1 A g−1 for over
1000 cycles64. Although the charge storage capacities of high-
entropy MXene are lower than (regular) Ti3C2Tx MXene
(410 mAh g−1 at 1 °C)69, the high-entropy MXene exhibits an
interesting cycle stability behavior: the steady-state capacity for
high-entropy MXene increases two-fold after 300 cycles. This is
while it decreases almost two-fold for Ti3C2Tx MXene. When
used as electrodes for Zn-ion64 and H2SO4 electrolyte
supercapacitors36, a ~90% capacitance retention was seen after
~10,000 cycles. This demonstrates the increased cyclical stability
of the system due to the implementation of a high-entropy 2D
electrode.

The charge storage capacity of 2D materials, such as LIB
electrodes, is generally limited by the extent of Li intercalation
into the available space between the layers70. Consequently,
simply by employing a high-entropy 2D electrode, the charge
storage capacities will not necessarily be improved, and a more
systematic design is required for high-entropy 2D electrodes. For
example, Du et al.68 showed how a high-entropy carbonitride
MXene could capitalize on the ultra-high theoretical capacity of
sulfur (1672 mAh g−1)71 besides intercalation72. Benefiting from
the high affinity and catalytic activity between the five different
M–C/N bonds and polysulfides and the high mechanical strains
in their carbonitride MXene layers, multistep sulfur conversion
processes were shown to take place without the loss of active
material. This has resulted in higher capacities (~900 mAh g−1 at
1 °C) and rate capabilities (702 mAh g−1 at 4 °C) with good
cycling stability. Figure 3c summarizes the performance metrics
of MXenes and layered transition metal oxides as models of high-
entropy 2D materials used as battery electrodes in half-cell
configurations.

The concept of high entropy in energy conversion has recently
been introduced in other 2D materials, such as high-entropy
transition metal chalcogenides. Wang et al. have recently reported
>15-fold enhanced catalytic activity of Co0.6(VMnNiZn)0.4PS3
toward HER compared to that of CoPS337. Owing to the
composition-dependent electrocatalytic activities of the latter
high-entropy material, it was found that by varying the Co con-
tent relative to other components, the following favorable prop-
erties are achieved: the material could be arbitrarily shifted left or
right on the volcano plot73. This results in the highest population
of active P and S sites for water dissociation and hydrogen
adsorption with enhanced kinetics while minimizing the deso-
rption energy barrier for adsorbed hydrogen intermediates to
ensure a bond breakage and release of gaseous hydrogen (Fig. 3d).
A similar mechanistic study has been reported earlier for
ammonia decomposition using a series of bulk CoxMoyFeNiCu
(x+ y= 7) nanoparticles (non-2D) by tuning the Co/Mo ratios74.

Given the earth-abundant non-precious elements employed in
the fabrication of 2D-electrocatalysts and the high level of com-
positional tunability, their application in (non-2D) catalysis is an
emerging field of research75–78. In the 2D space, a recent study
synthesized and used a high-entropy 2D transition metal
dichalcogenide (MoWVNbTa)S2 for electrocatalytic CO2 capture
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and its conversion into CO42. Aided by computational studies,
this high-entropy 2D material with equimolar transition metal
composition is first screened and verified regarding miscibility,
enthalpic and entropic stabilities and then synthesized and tested
for electrochemical performance. Figure 3e schematically shows
the stepwise process (from I to IV) of the CO2 reduction reaction
at a transition metal site in (MoWVNbTa)S242. The following
steps are hypothesized based on the simulation and experiments:
(I and II) as a CO2 molecule approaches the surface, it adsorbs on
the transition metal with strong binding affinity, resulting in the
formation of COOH* and CO* reaction intermediates; (III and
IV) the reduced desorption energy barrier caused by the dis-
ordered (because of the high-entropy system) and neighboring
coordinated metal atoms facilitate the bond breakage of the
product (CO)76,79. There is also the possibility of CO* hopping
from stronger binding elements (W and Mo) to weaker binding
elements (for example, vanadium).

Outlook
Fundamentally, many questions are yet to be answered in this
new field of high-entropy 2D materials. Mechanisms that explain
the stability and performance of bulk high-entropy materials can
aid in providing insights. For example, the cocktail effect, which is
prominent in bulk materials and contributes significantly toward

property enhancement, may not be dominant in a 2D system as
demonstrated in high-entropy MXenes, which have been com-
putationally predicted to exhibit some short-range order of atoms
in different atomic planes37, which still requires experimental
verifications. In addition, those 2D systems synthesized via top-
down approaches have the presence of surface terminal groups
which can affect the electronic structure of the surface or edge-
site metallic species80.

Another challenge is to identify stable compositions tailored to
specific applications. One approach to mitigate instability can be
introducing disorder in the non-metal sub-lattices, as a sub-
stitutional disorder in these sites will increase the entropy of
mixing. For example, adding fluoride salts to high-entropy oxides
led to greater stabilities and higher working potentials (3.4 V vs.
Li+/Li) for cathode materials81. Similar mixing, in principle, is
adaptable to other systems such as 2D chalcogenides. Mixing in
non-metal such as in 2D transition metal borocarbonitrides
(BxCyNz) with B, C, and N, all forming an alloy in the non-
metallic sublattice can be functionalized toward efficient hydro-
gen storage and carbon sequestering82. A potential avenue for
high-entropy 2D materials is envisioned for selective ion-sieving
and sensing applications. Specifically, with tailorable basal atomic
plane activity, the effects of fermi energy and spillover phenom-
ena observed in high-entropy alloys can be better understood at
the nanoscale to develop highly efficient sensing devices83. The

Fig. 3 High-entropy 2D materials for energy storage and conversion. Schematic representation of a a ‘high-entropy battery’ where anode, cathode, and
electrolyte are all made of high-entropy materials; b Li-ion batteries composed of a high-entropy 2D intercalation material (such as MXene) and a 3D
conversion material (oxides/sulfides) with improved cycle-stability owing to their high configurational entropy; c summary of capacities and rate handling
capabilities of different high-entropy materials, marked by color codes denoting how recent each material was introduced to the community; d high-
entropy 2D electrocatalysts used for hydrogen and oxygen evolution reactions, magnifying microscopic interactions of protons with different elements
from the surface of the high-entropy electrode and their ultimate conversion into hydrogen molecule. d Adapted with permission from ref. 74 (copyright
Springer Nature, 2019); e electrocatalysis reaction steps of CO2 conversion into CO at a transition metal site of a (Mo, W, V, Nb, Ta)S2 nanoribbon.
e Reproduced with permission from ref. 42 (copyright Wiley, 2021).
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high-entropy 2D compounds can provide a platform to under-
stand better the correlation of electronic structure and the
improvement of mechanical properties reported in some bulk
high-entropy carbides84.

Studies on composition–structure–property relationships in 2D
high-entropy systems are at a nascent stage. Models such as
entropy descriptors20, valence electron concentration85 atomic
radii, and electronegativity can be adapted for identifying stable
compositions. In addition, using paired experimental and com-
putational approaches can assist in the characterization and
understanding of localized interactions. However, more devel-
opment is necessary to handle the increased computational
complexity due to these structures’ size and facet dependency86.
Yet, considering an immense number of possible 2D high-
entropy compositions, modeling and predictive material science
(in combination with high-throughput surveying) will play cri-
tical roles in advancing the research field87.

Future development of high entropy principles at the nanoscale
will be the most direct pairing of 2D materials’ unique electronic
structure with the high surface area toward energy storage, cat-
alytic activity, magnetic behavior, mechanical properties, and
other applications. As continued development of these materials
moves into the current decade and beyond, we believe that high-
entropy 2D materials will provide a wide degree of tunability and
control, unlike other composition–structure–property techniques
in materials science for the fundamental study of the high-
entropy concept and address energy, catalytic, electronic, and
structural challenges of our world.

Received: 16 December 2022; Accepted: 2 February 2023;
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