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components of the green energy revolu-
tion. Although medium to large devices, 
such as silicon solar cells, have revolution-
ized energy generation, small-scale and 
personal devices remain impractical.[1] This 
lack of small energy harvesting devices in 
the market is due to the relatively small 
amount of energy such devices may cap-
ture, and the losses in extracting the energy 
(power management) from the device 
for use. Indeed, indoor light-harvesting 
has three orders of magnitude less avail-
able energy compared to outdoor light-
harvesting (Table  1).[2] While the losses 
in extracting energy can be improved by 
optimizing the materials’ interfaces and 
electronic circuitry, the amount of energy 
available to harvest is limited. Thus, to 
provide higher energy and power output, 
small-scale energy harvesters must be 
found that increase utilization of the total 
available environmental energy.

Traditional energy harvesters have focused on single energy 
sources including mechanical (force[3,4] and friction[5]), electro-
magnetic (light and magnets[6]), or thermal energy, and huge 
advances have been made in improving their efficiencies.  

© 2022 The Authors. Advanced Materials published by Wiley-VCH 
GmbH. This is an open access article under the terms of the Creative 
Commons Attribution License, which permits use, distribution and  
reproduction in any medium, provided the original work is properly cited.

Layered 2D crystals have unique properties and rich chemical and electronic 
diversity, with over 6000 2D crystals known and, in principle, millions of dif-
ferent stacked hybrid 2D crystals accessible. This diversity provides unique 
combinations of properties that can profoundly affect the future of energy 
conversion and harvesting devices. Notably, this includes catalysts, photovol-
taics, superconductors, solar-fuel generators, and piezoelectric devices that 
will receive broad commercial uptake in the near future. However, the unique 
properties of layered 2D crystals are not limited to individual applications 
and they can achieve exceptional performance in multiple energy conversion 
applications synchronously. This synchronous multisource energy conver-
sion (SMEC) has yet to be fully realized but offers a real game-changer in how 
devices will be produced and utilized in the future. This perspective high-
lights the energy interplay in materials and its impact on energy conversion, 
how SMEC devices can be realized, particularly through layered 2D crystals, 
and provides a vision of the future of effective environmental energy har-
vesting devices with layered 2D crystals.
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1. Introduction

Energy harvesting and conversion systems that take ambient 
energy from the environment to generate electricity are critical 
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However, focusing on a single energy source means that much 
of the available energy for harvesting is ignored.

Thus, the path forward is not about simply trying to squeeze 
further efficiencies from existing highly optimized single 
energy source technologies. Rather, it is realizing synchro-
nous multisource energy conversion (SMEC) from a single 
material; synchronously (simultaneously) converting mul-
tiple energy sources into useable electrical energy without 
subtractive effects.[7,8] Employing SMEC materials in energy 
harvesting devices would allow the devices to harvest energy 
from heat energy (e.g., body heat, solar heat, and engine heat), 
light energy (e.g., sunlight and ambient light), and mechanical 
energy (e.g., body movement and machine/ambient vibrations) 
at the same time, and in one material and device. However, 
in the literature, multiple energy conversion mechanisms are 
often described as decoupled effects, where a single energy 
conversion mechanism of a material or system is explored, 
rather than acknowledging measured voltages, deformations, 
currents, or photoemissions can arise from many energy con-
version mechanisms occurring simultaneously or in quick suc-
cession. This lack of consideration of multiple simultaneous 
conversions has likely occurred because few materials can 
effectively synchronously harvest multiple energy sources.

Initial solutions to this problem have been to harvest energy 
asynchronously or harvest the same “class” of energy (mechan-
ical, thermal, or photonic). The main emergent technologies are 
piezoelectric and triboelectric energy generators (P-TEGs),[9–11]  
piezo-photonics (PPs),[12] and piezo-catalysts (PCs).[12–14] All 
approaches thus far either harvest the same energy source 
(e.g., P-TEGs harvest mechanical energy through two different 
mechanisms) or capture two energy sources separately and 
transfer electric charge between two materials (e.g., PP and PC 
rely on vibrational (mechanical) energy conversion of one mate-
rial changing the band structure of a different material that is 
catalytic or photoactive). P-TEGs are therefore still fundamen-
tally limited by the single energy input, while PPs and PCs 
are restricted by losses occurring when charge is transferred 
between materials.

To discover, or design, SMEC materials for multisource 
energy harvesting, two key problems must be solved: 1) iden-
tify appropriate materials that can interact with a variety of 
different energy sources; and 2) understand how different 
energy conversion mechanisms in materials spontaneously 
affect other energy conversion mechanisms occurring syn-
chronously. Layered 2D crystals exhibit highly anisotropic elec-
tronic, thermal and mechanical properties due to their high 

aspect ratio, and nanoscale layer thickness.[15] The high aspect 
ratio enables macroscale surfaces to be covered in 2D materials, 
while maintaining the nanoscale quantum properties of crys-
tals.[16] In contrast to, for example, 1D or 0D materials systems, 
these macroscale surfaces can exist without disordered inter-
faces and pinholes, consequently enabling homogenous energy 
harvesting device performance. Finally, the planarity of lay-
ered 2D crystals, coupled with interlayer van der Waals (vdWs) 
stacking, enables new properties to be directly induced by the 
fabrication of 2D heterostructures.[17] Conceptually, this allows 
the introduction of ferroelectric properties in thermoelectric, or 
photovoltaic 2D crystals, thus enabling SMEC in state-of-the-art 
energy harvesting and conversion systems. Layered 2D crystals 
are easier to synthesize and demonstrate improved stability in 
devices, in comparison to non-layered 2D crystals that possess 
high surface energies from dangling, unsaturated bonds.[18,19] 
We propose that layered 2D crystals are therefore prime can-
didates for use as energy harvesting materials and, potentially, 
SMEC materials.

This perspective aims to provide a discussion around the 
following clear points. First, fundamental energy conversion 
in layered 2D crystals and their potential for energy harvesting 
are highlighted. Second, the energy interplay occurring within 
materials, the network of energy conversion mechanisms, and 
their effects on other energy conversion mechanisms occurring 
synchronously, are discussed. Finally, an outlook on the poten-
tial of layered 2D crystals, particularly ferroelectric 2D crystals, 
as SMEC materials and their use in SMEC devices is provided.

2. Properties of Layered 2D Crystals

Layered 2D crystals have unique and tunable optoelectronic 
properties due to their dimensionality.[20] They typically also 
possess high mechanical strength and durability, ideal for 
small-scale or personal energy harvesting.[20] This exceptionally 
chemically diverse class of materials, encompassing monoele-
mental structures (e.g., graphene, antimonene, and silicene), 
chalcogenides (MX, MX2, M2X3, MXY, MXYY), MXenes 
(Ti3C2Tx), metal oxides (MO2, MO3, M2O3), and many more, 
can assemble via vdWs out of plane bonds to form heterostruc-
tures with unique properties.[21] In particular, the formation 
of 2D crystal heterostructures and Janus 2D crystals (MXY or 
MXYY)[22–25] can allow the incorporation of additional energy 
conversion mechanisms (piezoelectricity, pyroelectricity, etc.) 
into these structures.[17]

Adv. Mater. 2022, 34, 2203849

Table 1.  Comparison of energy harvesting technology. Adapted under the terms of the CC-BY Creative Commons Attribution 4.0 International license 
(https://creativecommons.org/licenses/by/4.0).[2] Copyright 2017, The Authors, published by SAGE Journals.

Energy input Power density Harvesting method Typical applications

Mechanical (human motion) 4 µW cm−3 Piezoelectric/electrostatic Wearable electronics

Thermal (person) 60 µW cm−2 Thermoelectric Wearable electronics

Light (indoors) 100 µW cm−3 Photovoltaic Handheld/wearable electronics

Thermal (industrial) 10 mW cm−2 Thermoelectric Waste heat recycling

Light (outdoors) 100 mW cm−3 Photovoltaic Solar cells

Mechanical (machine motion) 800 mW cm−3 Electromagnetic Sensing/ambient vibrations
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The nanometer-scale thickness of 2D crystals results 
in electrons behaving with reduced dimensionality under 
quantum confinement. This confinement reduces the phase 
space that electrons can populate in the material and con-
sequently results in enhanced quantum effects, increased 
electron correlations, and altered electronic properties com-
pared to bulk materials.[26,27] These confinement effects are 
particularly maximized for isolated monolayer (single-atom/
unit-cell-thick) crystals. Importantly, for energy conversion, 
the reduction in available phase space can drastically alter 
the electronic structure and bandgaps compared to bulk 
materials, and varies widely with the number of layers in the 
2D crystals.[26,28] A large range of electronic structures and 
bandgaps are therefore available that can be optimized for 
energy conversion devices. Additionally, the nanometer-scale 
thickness of 2D crystals minimizes the required conduction 
path to external interfaces resulting in reduced scattering 
and resistance, and minimizes electrical/magnetic field 
screening. These properties reduce losses in energy conver-
sion mechanisms, manifested as a dramatically improved 
thermoelectric figure of merit (ZT) at the monolayer scale 
(Figure  1a),[29] together with tunable light absorption across 
the electromagnetic spectra (Figure  1b).[30] These unique 
properties make 2D crystals a prime candidate for energy 
conversion devices.

From the context of SMEC, layered 2D crystals have sev-
eral key advantages over other systems. Notably, a high X,Y–Z 
aspect ratio in 2D crystals often exists with lateral size on the 
microscale, and thickness on the nanoscale. In contrast to 1D 
crystals, 2D crystals can cover surfaces without pinholes. This 
homogenous coating enables a large surface area for the cap-
ture of different energy inputs, an increased covered area for 
photon absorption, and greater contact area for thermal cap-
ture. In addition, the lack of dangling bonds in the Z-direction 
in layered 2D crystals enables vdWs 2D heterostructures to be 
fabricated that combine individual energy conversion mecha-
nisms from each constituent crystal, thus generating a new 
SMEC system.

The following sections will delve into energy conversion in 
layered 2D crystals and discuss the interplay between different 
energy types.

3. Energy Conversion Mechanisms in Layered  
2D Crystals

The discovery or design of SMEC materials for multisource 
energy harvesting requires a fundamental understanding of the 
driving forces for each energy conversion mechanism. The pur-
pose here is not to delve deeply into every fundamental energy 
conversion mechanism, but to present the important energy 
conversion mechanisms and highlight the advantages of 2D 
crystals in these conversion mechanisms. In particular, the con-
version of different energy sources into electrical energy is crit-
ical for advanced energy harvesting devices, as electrical energy 
is easily used and transmitted in most devices and is the focus 
of this perspective. Figure 2 shows the key energy sources for 
energy harvesting (mechanical (M), photonic (P), thermal (T)) 
and how these can interconvert and interact with each other 
and convert to useable electrical energy (E).

3.1. Mechano–Electrical (M → E) Energy Conversion  
in 2D Crystals

Conversion of mechanical energy to electrical energy (M → E) 
occurs through two primary mechanisms: 1) piezoelectricity, 
where mechanical stress is converted directly to charge; and 2) 
triboelectricity, where friction and motion between two mate-
rials induce charge separation.[31] These processes find key 
applications in energy recovery systems in industry, wearable 
energy harvesters, and piezo-catalysis.

The key selection rule for the piezoelectric effect is an 
asymmetry in individual crystal unit cells. When the crystal 
is deformed, the asymmetry results in a change in the net 
dipole moment (i.e., polarization) of the crystal resulting in 
an induced charge on opposing parallel surfaces. While piezo-
electricity is generally confined to non-centrosymmetric space 
groups, ferroelasticity and flexoelectricity can impart M → E 
energy conversion through symmetry breaking. Ferroelasticity 
induces polarity by shifting the thermodynamic equilibrium to 
a non-centrosymmetric space group under uniform strain, pro-
vided that such a space group is possible for the material,[32] 
while flexoelectricity induces polarity in any centrosymmetric 

Adv. Mater. 2022, 34, 2203849

Figure 1.  a) Comparison of 2D crystals for energy harvesting from thermal energy, showing increased efficiency going from a bulk powder to a 2D 
crystal and b) the different optical absorbance and energy harvesting of different classes of 2D crystals. a) Reproduced under the terms of the CC-BY 
Creative Commons Attribution 4.0 International license (https://creativecommons.org/licenses/by/4.0).[29] Copyright 2016, The Authors, published by 
Springer Nature. b) Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International license (https://creativecommons.org/
licenses/by/4.0).[30] Copyright 2020, The Authors, published by Wiley-VCH.
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material by applying an inhomogeneously distributed strain 
gradient.[33] Triboelectricity is significantly less well under-
stood,[34] with triboelectric charge harvesting being attributed to 
electron tunneling, adsorbed ion transfer, dipole induction, or 
mechanochemistry (bond cleavage).[5,35–37] Regardless, it is the 
build-up of electric charge that occurs during the contact, and 
motion, between two materials at the interface.

We have recently discussed strategies to enhance M → E 
energy harvesting via the piezoelectric effect in 2D crystals.[17] 
These strategies included building 2D crystal heterostruc-
tures,[25] strain engineering,[38] doping through liquid metal 
synthesis,[39] and defect engineering to break symmetry in 
centrosymmetric 2D crystals.[17] These approaches typically 
work best with multi-atom 2D crystals such as transition metal 
dichalcogenides and MXenes.

In contrast, the triboelectric effect can occur in monoatomic 
2D crystal structures such as graphene, which can form both the 
active layer and the electrode.[40] For example, in contact-sepa-
ration experiments between two graphene–polymer electrodes, 
the triboelectric charge was found to depend on the thickness 
of the graphene layer.[40] It was shown that the current increased 
from 100 nA cm−2 in bilayer graphene to 250 nA cm−2 in mono
layer graphene electrodes.[40] This change was attributed to 
layer-dependent work function changes in the graphene crystal. 
The fundamental mechanism that causes the observed charge 
in the triboelectric effect is still under debate, particularly for 
resistive, polymeric, and nanoconfined materials.[5,35] It is cur-
rently hypothesized that, given the spatial confinement in 2D 

crystals, the observed charge occurs due to electron tunneling 
phenomena.[41]

In the context of SMEC with piezoelectricity and tribo-
electricity—for any piezoelectric material reported in the lit-
erature, it is expected there will be a contribution from the 
triboelectric charge in the current measurements. This co-
mingling of M → E energy conversion has recently been high-
lighted by both Sutka et al.[42] and Chen et al.[43] Therefore, we 
employ the general term, mechanical-to-electrical (M → E) 
energy conversion, rather than attempt to deconvolute these  
effects.

3.2. Photo–Electrical (P → E) Energy Conversion in 2D Crystals

3.2.1. Conventional Photovoltaic Effect

The conventional photovoltaic effect is a photo–electrical  
(P → E) energy conversion mechanism that occurs in  
semiconductors when a photon, with energy greater or equal 
to the bandgap (hν  > Eg), is absorbed by a valence band (or 
HOMO) electron and excited to the conduction band (or LUMO) 
resulting in an electron/hole pair (exciton). To use the electrical 
energy, the excited charge carriers must be effectively separated 
by a material interface (most often p–n junctions between elec-
tron-favoring (n-type) and hole-favoring (p-type) materials) and 
then diffuse to electrodes (photovoltaics) or remain at the mate-
rial surface (photocatalysis) (Figure  3a). Layered 2D crystals 
exploiting the photovoltaic effect[44] are emerging as excellent 
candidates for both solar cells, and as photodetectors down to 
the near-infrared region.[45]

Photovoltaic P → E energy conversion can be enhanced in 
2D semiconductor crystals compared to bulk semiconductors 
due to their unique properties. First, 2D crystals can easily form 
material junctions by layering 2D crystals on bulk materials 
or by layering different 2D crystals. The weak vdWs interlayer 
interactions of the 2D crystals increase the range of materials 
that can form effective junctions because they minimize the 
detrimental effects of lattice mismatch, allowing a vast range of 
band structures that can be optimized for efficient P → E con-
version. Second, 2D semiconductor crystals have a particular 
advantage over bulk semiconductors in that their nanometer-
scale thickness provides the shortest diffusion path possible to 
the surface or electrode resulting in minimized recombination 
and excellent photocurrent. Finally, the nanometer-scale thick-
ness of 2D crystals with few or single layers results in very high 
optical transparency while maintaining functionality. Normally 
for bulk materials, this reduction in thickness often reduces the 
total light absorption, which is detrimental for P → E energy 
conversion devices. However, some 2D crystals, due to the con-
fined dimensions and momentum states, have van Hove sin-
gularities that increase the density of states at the edges of the 
bandgap, resulting in increased absorption of photons at, or 
closely above, the bandgap energy.[46–48] While the photovoltaic 
effect is the most common P → E energy conversion mecha-
nism exploited, 2D crystals in particular may exhibit another 
novel P → E mechanism; the underexplored bulk photovoltaic 
effect (BPVE).

Adv. Mater. 2022, 34, 2203849

Figure 2.  Major forms of energy and the conversion mechanisms 
between them. These conversion mechanisms can occur simultaneously 
or concurrently in the same material. P = photonic energy, M = mechan-
ical energy, T = thermal/heat energy, E = electrical energy, BVPE = bulk 
photovoltaic effect. Note these are just the forms of energy-relevant to 
most energy conversion devices. There are other energy sources that may 
be exploited, that is, chemical, nuclear, etc.
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3.2.2. Bulk Photovoltaic Effect (BPVE)

The BPVE is a P → E energy conversion mechanism that only 
occurs in non-centrosymmetric materials.[49,50] The mechanism 
is different from the conventional photovoltaic effect because a 
material interface, or p–n junction, is not required to generate a 
photocurrent. Two distinct mechanisms have been proposed for 
BPVE. The “ballistic” mechanism states that photoexcited, non-
thermalized carriers have an asymmetric momentum distribu-
tion due to the non-centrosymmetric polarized structure of the 
crystal, resulting in an overall biased movement of excited car-
riers (a current) under illumination in the crystal (Figure 3b).[51] 
This movement of hot carriers is limited to the ballistic length 
(mean free path) of the carrier in the crystal, which varies from 
often a few nm up to 100  nm depending on the crystal. This 
results in an effective BPVE current only from the crystal region 
within the free path length from the electrode.[52] The “shift” 
mechanism is based on quantum mechanics and proposes that 
photoexcitation of an electron in the non-centrosymmetric crystal 
results in a real space shift of the electron by a unit cell/mean 
free path in the crystal polarization direction (Figure  3c).[50,53] 

However, a shift in the reverse direction requires absorption of 
a similar amount of only thermal (phonon) energy. A thermal 
fluctuation that large is very unlikely, so the reverse current is 
effectively blocked resulting in a net “shift” current from the 
BPVE. Regardless of the mechanism, the photocurrent from the 
BPVE is vastly increased when the material thickness is below 
the electron mean free path.[54]

It is clear that layered 2D crystals are uniquely positioned 
to exploit the BPVE effect as they have nanoscale thicknesses  
usually less than the mean free path, and consequently can 
deliver a large photocurrent from the BPVE.[49,54–57] The photo
voltages that can be obtained from the BPVE are orders of 
magnitude higher than the materials’ bandgaps that constitute 
the limit for conventional photovoltaics.[58,59] This is useful for 
applications that require higher voltages than typical bandgaps. 
The P → E conversion efficiency with the BPVE can also sur-
pass the theoretical Shockley–Queisser efficiency limit of ≈33% 
for the conventional photovoltaic effect due to the efficient 
use of hot carriers.[50,52,55] Thus, BPVE potentially provides a 
route to extremely efficient and thin P → E energy conversion 
devices.[52,56]

Adv. Mater. 2022, 34, 2203849

Figure 3.  a) Diagram of a conventional photovoltaic device. I) Incident light with energy above the semiconductors’ bandgaps will excite an electron 
from the valence to conduction band. II) A material interface is formed between n-type and p-type semiconductors that have a built-in electric field at 
the interface, separating charge carriers. III) Separated carriers diffuse to the electrodes or surface. b) Diagram of the ballistic mechanism of the bulk 
photovoltaic effect (BPVE). Non-centrosymmetric crystals have an asymmetric distribution of hot-carrier momentum, resulting in an averaged move-
ment of carriers in the crystal as the bulk photocurrent. c) Diagram of the shift mechanism of BPVE. I) These are radiative transitions that can occur 
through absorption or emission of photons. Under light irradiance, photoexcitation from a valence to conduction level in a shifted lattice location often 
occurs, while some carriers relax through the same transition releasing a photon. II) These are non-radiative transitions that only occur from emitting 
or absorbing many phonons. The non-radiative transition from a conduction to valence level at a shifted lattice location occurs by release of many 
phonons through the lattice. However, the non-radiative transition from valence to conduction levels requires an extremely large phonon or thermal 
fluctuation, or many additive phonons must be absorbed simultaneously, which is extremely unlikely. This results in charge carriers being effectively 
blocked from backward transitions and thus a shift in current is exhibited.
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3.3. Thermo–Electrical (T → E) Energy Conversion in 2D Crystals

3.3.1. Pyroelectric Effect

The pyroelectric effect is an understudied mechanism for 
energy conversion in 2D crystals. Like the piezoelectric effect, 
where dipoles reorient under mechanical stress, in the pyro-
electric effect dipoles reorient due to a temperature change. 
Importantly, current is only generated transiently during tem-
perature changes, not at a constant temperature. The dipole 
change places pyroelectric materials in the family of dielectric-
to-ferroelectric systems. Many 2D crystals have been reported to 
be pyroelectric.[60] While the fundamental mechanisms behind 
pyroelectricity in 2D crystals are still under investigation, the 
current understanding is that lattice deformation during 
heating gives rise to spontaneous polarization vector changes 
that facilitate thermo–electrical (T → E) energy conversion.[60] 
This process is often exploited for photodetector and thermal 
energy recovery system applications.

Unlike piezoelectricity, which requires asymmetry, pyroelec-
tricity requires unit cells that are polar. For this reason, fewer 
2D crystals will exhibit pyroelectricity compared to piezoelec-
tricity. Despite this, there are recent reports of the pyroelectric 
effect being exhibited by select 2D crystals, notably black phos-
phorene,[61] and indium selenide.[62]

The relative lack of reports of pyroelectric effects in 2D mate-
rials is because the pyroelectric effect, in general, is simply 
less studied than other energy conversion phenomena such as 
piezoelectricity or thermoelectricity. A simple literature search 
shows that only 2.5% of the 3.6 million papers reporting piezo-
electric, ferroelectric, thermoelectric, and pyroelectric effects 
relate to pyroelectricity. This presents a major opportunity for 
research into novel layered 2D crystals exhibiting the pyroelec-
tric effect in the future, particularly for catalytic applications.[13]

3.3.2. Thermoelectric Effect

In contrast to the pyroelectric effect, that generates charge 
during changes in temperature for the entire material, the ther-
moelectric effect generates charge from a temperature gradient 
across the material. Thus, T → E energy conversion from the 
thermoelectric effect is constant when the temperature gradient 
is constant. The thermoelectric effect is proportional to the elec-
trical conductivity and inversely proportional to the thermal 
conductivity of the material. Importantly, in the context of 2D 
semiconducting crystals, the Seebeck coefficient (that defines 
the thermoelectric output) is proportional to the energy deriva-
tive of the electronic density of states at the Fermi level.[63,64] 
Therefore, effects that alter these states, such as photoexcita-
tion, strain, or doping, will alter the corresponding thermoelec-
tric outputs (Section 4). The thermoelectric effect, and devices 
such as thermoelectrochemical cells,[65] are emerging as key 
tools for wearable energy harvesting devices, providing supple-
mental power to energy storage systems.[66]

2D crystals have recently been found to possess extremely 
high thermoelectric figures of merit (ZT), in particular, 2D 
tin selenide (SnSe) crystals (ZT ≈ 2.62 at 923 K)[67] and defect-
engineered 2D SnSe (ZT ≈ 2.4 at 800 K) crystals.[68] The reason 

for the high ZT in 2D crystals is likely due to the anharmonic 
bonding and poor interlayer interactions that result in very 
low thermal conductivity.[67] Stacked 2D crystal heterostruc-
tures can exhibit much lower out-of-plane thermal conduc-
tivity due to vibrational mismatch and increased interlayer 
spacing,[69] and thus can have higher ZT. Novel unexplored 2D 
tetragonal pnictogen (P, As, Sb, or Bi) crystals have also been 
predicted by combined density functional theory and machine 
learning (ML) analysis to have very high thermoelectric con-
stants (ZT ≈ 3.22 for 2D tetragonal Sb) with high thermoelec-
tric conversion efficiency due to their very low lattice thermal 
conductivity.[70]

4. Energy Interplay in Materials

The different types of energy conversion mechanisms in a 
material are most often not independent of each other; they 
are interconnected, and multiple conversion mechanisms can 
occur simultaneously or consecutively. Energy converted within 
the material can apply a new force or can change a material 
state that can impact the magnitude and efficiency of the other 
energy conversion mechanisms. External forces like material 
stress, or electric fields applied to the material, can amplify or 
inhibit energy conversion mechanisms. In addition to forces 
applied internally and externally, the energy interplay may 
cause positive feedback from additive effects that enhances the 
efficiency of energy conversion, or the energy interplay may 
cause subtractive effects or convert to non-useful energy (e.g., 
heat), consequently decreasing energy conversion efficiency in 
the materials. All interconnected mechanisms must be consid-
ered when investigating, designing, and characterizing new 
energy conversion materials for applications. Section 4 demon-
strates some internal or external forces that can impact other 
energy conversion mechanisms and discusses energy interplay 
effects in materials.

4.1. Effect of Mechanical Stress on Energy Conversion 
Mechanisms

4.1.1. Constant Mechanical Stress for Optimizing  
Photo–Electrical Conversion

Applying stress to semiconductors to strain and deform their 
crystal lattice changes their electronic band structure by varying 
the lattice constants and the electron density distribution.[71] 
Lattice deformation can vary the size of the bandgap[72] and/or 
change it from an indirect to a direct bandgap, thereby affecting 
P → E conversion mechanisms (Figure  4).[73] Additionally, 
stress can be applied intentionally to optimally tune the band 
structure for different applications (strain engineering). For  
P → E conversion, stress is often applied to tune the band 
structure of the material to achieve bandgaps that absorb more 
of the solar spectrum.

Layered 2D crystals can handle much higher strain defor-
mation before rupture (25% lateral strain for monolayer gra-
phene,[74] 11% lateral strain for MoS2)[75] than conventional bulk 
semiconductors, so are ideal materials for strain engineering. 

Adv. Mater. 2022, 34, 2203849
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Stacked multilayer 2D crystals can have in-plane strain-induced 
differently to each layer resulting in unique band structures. 
Also, the out-of-plane strain induced in stacked multilayer 2D 
crystals can affect the interlayer exciton binding energy.[76] The 
strain in stacked 2D crystals can also change the ratio of pho-
toluminescent emission intensity between the stacked layers, 
with compressive and tensile strain inversely proportional to 
the intensity ratio.[77]

Lateral strain can be induced by lattice mismatch between 
the 2D crystal and the substrate/other layers by using flexible 
substrates and bending/straining the substrate, or by using 
patterned substrates with corrugated/bumpy features.[78] Wrin-
kling or folding 2D semiconductor crystals can induce local 
strain in the bent region of the material, varying the bandgap 
and photon absorption/emission in a chemically homogenous 
material.[78,79] This can enable broad-spectrum absorption of 
light frequencies with a single material device, maximizing 
absorption of the solar spectrum and increasing P → E energy 
conversion from solar cell devices.[80]

The application of non-uniform stress, either from extrinsic 
sources (e.g., bending of a flexible substrate) or intrinsic 
sources such as non-coherent (or twisted) stacking of layers, 
can induce a strain gradient and consequently break symmetry 
in centrosymmetric materials, termed flexoelectricity. The latter 
case is particularly interesting as it employs intermolecular 
forces to deform the unit cell of the layer at the local scale.[81] In 
addition to altering the band structure, flexoelectric strain gra-
dients can act to enhance the P → E energy conversion through 
the introduction of a shift current, caused by spatial electron 
displacement and the resultant photon-induced interband exci-
tation from the valence band into the conduction band.[82] This 
shift current forms part of the BPVE in non-centrosymmetric 
materials.[83] The BPVE is unique, capable of exhibiting a gen-
erated photovoltage greater than the bandgap of the material 
(that is, exceeding the Shockley–Queisser limit); however, the 
drawback of this effect in conventional non-centrosymmetric 
materials (e.g., ferroelectrics and piezoelectrics) is the often 
low P → E energy conversion.[52] The flexo-photovoltaic effect[84] 
in 2D materials could provide a pathway to overcome this 

limitation, with reports demonstrating short circuit currents 
that are orders of magnitude greater in comparison to bulk 
ferroelectric materials.[82,83] This improvement was attributed 
to the semiconducting nature of such 2D crystals and reduced 
dimensionality.[85,86] The synergy between flexoelectricity and 
BPVE is promising to further tailor the bandgap in semicon-
ducting 2D crystals.[55]

4.1.2. Dynamic Mechanical Stress for Optimizing  
Photo–Electrical Conversion

The complexity of interaction increases dramatically when 
multiple simultaneous inputs are applied to a material sur-
face. For example, the WSe2 or MoS2/WS2 heterostructures 
for photoelectrocatalytic water oxidation,[87–90] are represented 
in Figure  5 as the generic formula MX2. Here, a visible-
light photon is absorbed by the semiconducting 2D crystal 
(Figure  5a,b), generating an exciton whereby h+ reacts with 
water to produce oxygen and the e− is withdrawn (Figure 5c). 
However, the continuous reaction leads by design to the evo-
lution of gas bubbles (or at least a pressure change) on the 
2D crystal electrode (Figure  5d, top). Both pressure changes 
from this gas bubble evolution, and water filling the void pro-
duced by the bubbles leads to significant induced stresses on 
the electrode, proportional to the amount of water oxidation 
occurring. How these stresses dynamically alter the electronic 
band structure of such 2D crystals (Figure  5d,e) is not well 
studied, but could be critical for understanding the rate limi-
tations and chemical stability of these systems over time. For 
example, the bandgap of a WSe2 monolayer is approximately 
1.7 eV,[91] and a WSe2-based heterostructure with just 4% ten-
sile strain has produced 1.37  V via the piezoelectric effect.[92] 
This means that even very small strains induced by pressure 
fluctuations in situ will result in significant temporal band 
structure modulation.

Such effects can further be modulated when 2D semicon-
ducting crystals are decorated with catalytically active nano-
particles, as is often described by Sivula et al. in state-of-the-art 

Adv. Mater. 2022, 34, 2203849

Figure 4.  a) Effect of mechanical stress on photo–electrical and thermo–electrical conversion mechanisms. b) Effect of temperature and temperature 
change on photo–electrical and electro–mechanical conversion mechanisms. c) Effect of light irradiance on thermo–electrical and electro–mechanical 
conversion mechanisms.
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water oxidation experiments.[89,90,93] In another example, the 
strain induced by catalytically active gold nanoparticles on 
an MX2 lattice has been investigated by Singh et  al.[94] They 
showed that there was between 9% and 10% biaxial compres-
sive strain induced in a MoS2 monolayer due to electron injec-
tion from physisorbed gold nanoparticles.[94] Whilst this strain 
is significant, it is even more critical to note that 50 nm away 
from the gold nanoparticle, the lattice was unstrained, meaning 
the electronic structure of the 2D crystal was highly heteroge-
neous under these conditions, causing photon absorbance to 
vary greatly.

The concept of stress generation by bubbles for enhanced 
catalysis has also been studied in the context of the piezoelectric 
effect by Bößl and Tudela.[95] In their proposed system, exter-
nally applied ultrasonic waves generate regions of high and low 
pressure within the fluid. These varied pressure regions lead 
to vapor bubble formation via cavitation. The bubbles then 
undergo a process called asymmetric bubble collapse[96] on the 
surface of a catalyst, which induces stress on the catalysts, thus 
activating the piezo-catalytic system.[95] While the majority of 
reports on PC systems focus on traditional piezoelectric (non-
2D) crystals, there are recent reports of PC in transition metal 
dichalcogenides,[97,98] monochalcogenides,[99] oxides,[14,99] and 
phosphides.[99,100]

It is likely that as engineering out-of-plane piezoelectricity in 
2D crystals is realized,[17] 2D crystals will emerge as the most 
popular PC materials. This is due to their inherently catalytic 
activity for key reactions of interest[101] and the relative flexibility 
of 2D crystals enabling greater deformations via bubble cavita-
tion and collapse, subsequently generating significantly more 
catalytic enhancement compared to traditional, non-2D piezo-
electric crystals.[102]

Here, it is important to distinguish the two phenomena dis-
cussed in the previous paragraphs: in situ bubble formation 
due to catalytic processes; and externally stimulated bubble for-
mation via ultrasonic waves. In the first system, these effects 
may have already been observed in the catalysis literature, albeit 
not discussed nor understood. However, in the second system, 
where cavitation is being specifically exploited, it is critical 
to understand whether this energy interplay is providing any 
net benefit to the catalytic system. A simple way to assess this 
efficiency is to measure the average property change under 
the stimulation conditions. For electrocatalysis, this can be 
achieved by comparing the voltage needed for the reaction to 
occur with the theoretical E0 of the reaction.

( )0 i

cell

η =
× −

×
E I P

E I
� (1)

Adv. Mater. 2022, 34, 2203849

Figure 5.  Schematic of alteration of the electronic band structure of a 2D crystal (MX2) during the oxygen evolution reaction due to mechanical force.  
a) The initial electronic state of the 2D crystal; b) a visible-light phonon interacts with the 2D crystal, generating an exciton (electron–hole, e−–h+ pair); 
c) h+ reacts with water at the interface forming oxygen molecules, the e− is removed for the opposing half-reaction. d) The continued evolution of oxygen 
molecules leads to a pressure change at the reaction site, with a subsequent deformation of the 2D crystal lattice. If the 2D crystal is piezoelectric this 
deformation will result in a change in the electronic structure, changing the effective optical bandgap, and band edge alignment; and e) the cluster 
of oxygen species (including radicals and O2 molecules) disperses away from the active site, restoring the original lattice configuration and electronic 
structure (noting that during the relaxation of the structure the effective bandgaps and edges will be shifted in an opposite way to in (d)). In the legend, 
O = oxygen, M = metal; X = chalcogen; CB = conduction band, VB = valence band; e− = electron; and h+ = holes.
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where η = efficiency; E0 is the reaction potential of a given reac-
tion; I is the measured current; Pi is the input power to enhance 
the catalyst; and Ecell is the measured potential.

Thus, if the improvement in measured current or potential 
is less than the total power input into the system these stimula-
tion mechanisms will not provide a net energy benefit. How-
ever, they may play a useful role in the remote activation of 
electronics embedded in the environment or the human body.

4.2. Effect of Heat/Thermal Effects on Energy  
Conversion Mechanisms

The relationship between thermal energy/temperature with 
photonic, mechanical, and electrical energy conversion mech-
anisms is well known (Figure  4b). Indeed, the importance of 
temperature in energy transfer is so well understood that it 
is controlled as a standard in all chemical reactions to ensure 
reproducible results.

However, in terms of interaction with other energy conver-
sion mechanisms, thermal energy has traditionally been con-
sidered a separate class of energy, and the almost ubiquitous 
control of temperature in experiments has led to few opportu-
nities to study the interplay of these effects. Thermal energy 
is particularly impactful when coupled to P → E energy con-
version and electrochemical energy storage. For example, by 
mounting a typical thermoelectric 2D crystal on a heat sink, 
the thermal energy incident from the sun naturally generates 
a temperature gradient that can modulate the band structure 
of the 2D crystal and enhance light energy harvesting (P → E 
energy conversion) (Figure 4b). In fully integrated photoelectro-
chemical (PEC) cells, excess thermal energy in the photovoltaic 
component can be exploited for improving the catalyst kinetics 
in the electrolyzer component and thus increasing catalytic, 
electrochemical energy conversion efficiency.[103] In contrast  
to the beneficial effect in PEC cells, heating triboelectric  
(M → E) generators have been shown to decrease M → E conver-
sion.[104,105] This was attributed to changes in the permittivity 
of the sample during heating, leading to less available charge 
storage on the surface of the triboelectric generator.[104]

4.3. Effect of Light Irradiance on Energy Conversion Mechanisms

In contrast to enhancement of energy absorption effects, con-
stant light irradiance on some materials can break crystal  
symmetry or couple with energy conversion processes to 
enhance non-photo conversion mechanisms. It has recently 
been shown that photon absorbance can transiently break unit 
cell symmetry for the Weyl semimetal tantalum arsenide (TaAs) 
due to changes in electronic polarization from photocurrent 
generation.[106] The effect is purely electronic; no structure/
lattice changes occur. This effect means that TaAs under light 
irradiation will exhibit piezoelectric and pyroelectric effects 
(Figure 4c). Many other materials may exhibit this effect, in par-
ticular, Weyl semimetals and transition metal monopnictide.

Recently, Chen et al.[107] have reported a dramatically enhanced 
electrical output from triboelectric poly(dimethylsiloxane) 
(PDMS) by coupling to photon absorption in illuminated 2D 

graphitic carbon nitride (g-C3N4)/2D MXenes/Au clusters dis-
persed in the PDMS film. The proposed cause of the boost in 
performance was that the photovoltaic effect, occurring under 
light irradiance on the g-C3N4/MXene/Au clusters, causes an 
accumulation of trapped charges around the clusters in the tri-
boelectric film. The increased accumulated charges add to the 
charge flow during the triboelectric effect and increase the total 
triboelectric power output. This demonstrates the effect of cou-
pling of light irradiance charge flows on other energy conver-
sion mechanisms.

4.4. Thermo–Photo–Mechanical–Electrical Conversion  
and Energy Interplay

Past research in particular energy conversion mechanisms 
has clearly identified energy interplay effects. However, 
proper characterization and analysis of the entire network 
of dynamic energy conversion mechanisms occurring simul-
taneously or concurrently in materials during apparently 
simple energy conversion processes is critical but rarely per-
formed. Research often focuses on the efficiency and process 
of the main energy conversion mechanism of interest in 
the material. Furthermore, with the addition of more simul-
taneous energy inputs to the material, simplistic models of 
additive or subtractive coupling between input energies fail to 
convey the complexity of the rich interplay of energy conver-
sion mechanisms.

For instance, conventional photovoltaic devices are well 
researched, but the P → E energy conversion is often reported 
in isolation from any quantitative analysis of the energy 
interplay that occurs during their operation. Figure  6 shows 
the energy interplay network for photovoltaic devices where  
P → E conversion (photovoltaic) in the material can occur 

Adv. Mater. 2022, 34, 2203849

Figure 6.  The energy interplay network for conventional photovoltaics.
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simultaneously with P → T conversion under incident light. 
However, the extra thermal energy generated can thermally 
expand the material causing material strain; and/or, the local-
ized thermal energy can cause a temperature gradient and 
result in dipole polarization due to the pyroelectric effect. The 
material strain or polarization will impact the electronic struc-
ture of the material and thus impact the P → E conversion. 
Additionally, heating can lead to mechanical vibration and fric-
tion at interfaces (due to differences in coefficients of thermal 
expansion), which can lead to M → E (triboelectric) energy con-
version. To truly understand energy conversion processes crit-
ical to applications like energy harvesting, optoelectronics, and 
others, the entire energy interplay network of a material must 
be characterized and analyzed.

Some research has explored the exploitation of this rich 
energy interplay in material composites or multicomponent 
devices for extended or enhanced functionalities. Jia et  al.[108] 
demonstrated a flexible e-skin device that emits light when 
it was touched, by incorporating a ZnS:Cu-embedded polyvi-
nylidene fluoride-co-hexafluoropropylene (ZEPH) composite 
film that exhibited triboelectricity (M → E) to provide energy 
for photoluminescence (E → P). However, only the output 
light spectrum and intensity were measured, along with the 
applied mechanical force. The electrical energy generation and 
conversion were not characterized; however, the authors mod-
eled some of this energy interplay in the composite. Cheng 
et al.[109] reported an Ag/SiO2 hybrid nanostructure for highly 
efficient (99% over solar range) P → T energy conversion, 
which was coupled to a thermoelectric material to convert 
that thermal energy to electrical energy, making an efficient 
P → T → E energy conversion solar light-harvesting device. 
The energy interplay was characterized by first measuring the 
temperature increase of the material from light irradiance, 
and then measuring voltage output when coupled to a ther-
moelectric device, although heat generation and conversion 
through the thermoelectric device were not directly moni-
tored. Yang et al.[110] demonstrated a multicomponent device 
that integrated a piezoelectric/pyroelectric polarized polyvi-
nylidene fluoride (PVDF) film with an aligned ZnO nanowire 
array/poly(3-hexylthiophene) (P3HT) heterojunction solar 
cell to simultaneously harvest mechanical, thermal, and light 
energy as a SMEC device. The energy conversion mechanisms 
exploited from each component were characterized separately, 
the total voltage output was measured, and the energy inter-
play during SMEC was noted; however, the energy interplay 
was not quantitatively measured or modeled. Photovoltaic/
thermal (PV/T) systems are amongst the most intensely inves-
tigated multicomponent energy interplay devices. PV/T sys-
tems have thermal energy harvesting components attached to 
photovoltaic cells to synchronously harvest the thermal energy 
generated during solar light irradiation, thus increasing the 
total amount of usable energy harvested from sunlight.[111] 
However, limited research has been conducted on exploiting 
energy interplay in single materials, important for energy har-
vesting technology, and thus there is scarce research on SMEC 
materials. Regardless, some SMEC materials have been theo-
retically proposed to exist, specifically layered 2D crystal vdWs 
heterostructures.[112]

5. Promising SMEC Materials—Ferroelectric  
2D Crystals

Ferroelectric 2D crystals are promising candidates for SMEC 
materials.[113,114] Ferroelectric materials can simultaneously har-
vest energy from the major environmental energy sources of 
heat, mechanical energy, and light. Ferroelectric materials have 
non-centrosymmetric crystal structures and permanent dipoles 
that allow them to operate as piezoelectric and pyroelectric 
materials and demonstrate M → E and T → E energy conver-
sion, respectively (Figure 7). Importantly, ferroelectric crystals 
exhibit the BPVE (Section 3.2.2) for P → E energy conversion, 
where they can generate larger BPVE photocurrents than non-
ferroelectric non-centrosymmetric crystals due to better carrier 
management[52] and photocurrent stimulation from non-polar-
ized light.[49] BPVE photocurrents are also drastically increased 
in ferroelectric 2D crystals due to their nanoscale thickness 
which is shorter than the electron mean free path.[55] Typical 
ceramic bulk ferroelectrics have BPVE photocurrents that are 
too low to be useful for energy harvesting, therefore using fer-
roelectric 2D crystals is necessary to achieve reasonable BPVE 
photocurrents for devices. Additionally, ferroelectric materials 
can, under certain conditions (e.g., in layered crystals with 2D 
flakes), act as excellent thermoelectric materials as an additional 
T → E energy conversion mechanism.[115–117] Layered 2D crys-
tals have severely reduced out-of-plane thermal transport due 
to reduced interlayer interactions, which can greatly increase 
thermoelectric energy conversion. All together these properties 
make ferroelectric 2D crystals promising SMEC materials and 
thus should be further investigated. Layered 2D crystals fur-
ther possess mechanical flexibility, high mechanical strength, 
durability, and thin-film formability, which makes them ideal 
SMEC materials for small-scale and personal energy harvesting 
devices. SMEC 2D crystals could also be used as advanced elec-
trocatalysts that are enhanced by multiple energy sources and 
high surface area-increased kinetics.[118]

An example of potential ferroelectric 2D crystals with mul-
tiple energy conversion mechanisms is described in a recent 
report on 2D copper indium thiophosphate, CuInP2S6 (CIPS), 
crystals.[55] These crystals exhibited an enhanced BPVE effect 

Adv. Mater. 2022, 34, 2203849

Figure 7.  The hierarchy of dielectric-to-ferroelectric materials, whereby all 
pyroelectric materials are piezoelectric but not all piezoelectric materials 
are pyroelectric, and all ferroelectric materials are both pyroelectric and 
piezoelectric.
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that was two orders of magnitude higher than typical bulk 
ferroelectric perovskite oxides due to the nanoscale thickness 
of the material being smaller than the electron mean free 
path.[55] The best cell had ≈3% reported efficiency with irradi-
ance from a 405 nm laser, despite only having ≈3% absorbance 
at that wavelength. 2D CIPS crystals have also been reported 
to have a very large d33 out-of-plane piezoelectric coefficient 
of −95 pm V−1 at 10  kHz,[119] and generate reasonable cur-
rent from the pyroelectric effect operating around room tem-
perature ranges.[120,121] Additionally, Weyl semimetal TaAs has 
been shown by Osterhoudt et  al.[122] to have very large BPVE 
photocurrents under mid-infrared light irradiance, which 
would be very useful for infrared solar cells. The subset of 
stable ferroelectric 2D crystals is likely to be quite limited 
due to the general instability of ferroelectricity with reduced 
material dimension/thickness.[113,123,124] However, recent 
work has presented some stable room temperature ferroelec-
tric 2D crystals including MoTe2,[125] the family of III2–VI3  
2D crystals like In2Se3,[124] 2D CIPS crystals, and TaAs as 
mentioned earlier,[55,122,126,127] and many others.[113,128–130]  
Ferroelectricity may arise in a specific number of layers of 2D 
crystals that have non-ferroelectric monolayers, like bilayer 
or trilayer WTe2,[131] or multilayer SnTe.[129] Ferroelectricity 
may also be engineered in 2D crystals by structural modifi-
cations, or through 2D crystal hybrid structures. Such ferro-
electricity-inducing modifications include construction of 
vdW heterostructures (stacked 2D crystals layers of different 
types),[112,132] elemental substitution on one side of a 2D crystal 
layer to synthesize Janus 2D crystals,[133] or even fabrication 
of moiré-patterned ferroelectric domains in twisted bilayers of 
non-ferroelectric 2D crystals.[132,134] The range of possible fer-
roelectric 2D crystal structures can therefore be extended with 
engineered materials and novel device structures, presenting 
an opportunity for material scientists and device engineers to 
discover powerful and efficient SMEC materials for advanced 
multiple energy sources harvesting applications.

6. Outlook

There is little doubt that 2D crystals provide an exceptional 
template to harvest mechanical, thermal, or photoenergy and 
will play an important role in new engineering systems where 
simultaneous harvesting of two or more of these energy inputs 
will transform ambient energy harvesting for society. The fol-
lowing summarizes the outlook of understanding and ration-
alizing the effects that energy interplay will have on energy 
harvesting materials and the search for idealized SMEC 
materials.

6.1. Understanding Energy Interplay Materials

Ingeniously designed materials can potentially take advantage 
of energy interplay to harvest useful energy from multiple 
environmental energy sources or to amplify an energy conver-
sion mechanism to increase conversion efficiency. To clarify 
the role of different materials and their energy interplay in 
energy harvesting research, we propose four types of useful 

energy interplay materials for fabricating advanced energy con-
version devices (Table 2). Type 1 and 2 energy interplay mate-
rials can harvest useful energy from multiple energy sources. 
Type 1 (SMEC+) materials have additive interplay effects where 
multiple energy sources complement or overlap each other, 
resulting in SMEC with greater or equal energy conversion 
compared to the sum of each single-source energy conversion. 
In contrast, Type 2 (SMEC-) materials have subtractive interplay 
effects where SMEC results in lower energy conversion than 
the sum of each single-source energy conversion. Types 3 and 
4 energy interplay materials can harvest useful energy from 
single energy sources. Type 3 materials have energy interplay 
that can internally amplify the effectiveness/efficiency of the 
energy conversion process via additive interplay effects. Type 4 
materials utilize additive applied energies/forces to externally 
amplify the conversion efficiency (e.g., strain engineering).

2D crystals, due to their efficient energy conversion mecha-
nisms and extremely wide range of structures and properties, 
are a prime class of materials for SMEC materials. Energy inter-
play may be obtained with multi-component systems, however, 
single materials will have a greater potential for scale-up, utility, 
and wider applications due to their simplicity and reduced com-
ponent volume.

6.2. Effects of Energy Interplay on Characterizing Energy  
Harvesting Materials

The complexity of energy interactions in multisource energy 
harvesting has been known for over half a century.[135,136] 
Designing 2D crystals to exploit these complementary energy 
conversion phenomena will herald a new era of ambient energy 
harvesting. However, it should be remembered that SMEC phe-
nomena is likely to have been present in published studies but 
is almost always not reported as such, so expectations for rapid 
advances should be tempered. A critical reassessment of meas-
urement techniques for mechanical, electrical, and light-based 
energy harvesting is required. Researchers must acknowledge 
that reported data for energy conversion from a single energy 
source are fundamentally entangled with conversion from 
other energy sources, as described by Lang in 1974, and entan-
gled with the interplay from other energy conversion mecha-
nisms. A summary of the common effects discussed, and their 
overlap is provided in Figure 8.

Furthermore, terminology must be used more accurately and 
consistently. For example, in many cases, it may be more accu-
rate to report the total measured M → E energy conversion,  
particularly where triboelectric, piezoelectric, and/or flexoelec-
tric contributions have not been deconvoluted. More broadly, in 
T → E and P → E, the effects of M → E conversion are likely 

Adv. Mater. 2022, 34, 2203849

Table 2.  Proposed energy conversion material types.

Type Energy conversion mechanism Energy input(s) Energy interplay

Type 1 Synchronous multisource (SMEC+) Multiple Additive

Type 2 Synchronous multisource (SMEC-) Multiple Subtractive

Type 3 Internally amplified Single Additive

Type 4 Externally amplified Single Additive

 15214095, 2022, 36, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202203849 by Scholarly Inform
ation U

niv L
ib, W

iley O
nline L

ibrary on [21/11/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.advmat.dewww.advancedsciencenews.com

2203849  (12 of 18) © 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH

less as they are typically more static systems, but it is worth con-
sidering the role that SMEC can have in enhancing or affecting 
measurements. The clearest case to consider these effects is 
in wearable style energy harvesting and sensing devices that  
experience friction, deformation, light irradiation, and a tem-
perature gradient simultaneously.

For larger-scale energy harvesting devices, where thermal 
gradients and optical transparency can vary, reporting the total 
energy output or ambient-to-electrical energy conversion is far 
more representative of the processes occurring. This ignores 
the “elephant in the room”; parasitic charge loss from poor 
electrical connections and circuitry that is often ignored in the 
characterization of energy harvesting materials and devices 
making accurate quantification of energy conversion in mate-
rials challenging.

6.3. Applications of SMEC Materials & Devices

The key advantages of SMEC materials are twofold; a signifi-
cantly higher charge and energy output compared to single-
input energy harvesters; and a combination of fast charge 
spikes (i.e., from mechanical deformation) and continuous 
charge generation processes (thermoelectric, photovoltaic). 
These key advantages should accelerate the future applications 
of SMEC materials in a wide range of application areas. These 
applications fall broadly into three classes; 1) energy harvesting; 
2) green chemistry; and 3) quantum data storage.

6.3.1. Energy Harvesting

SMEC materials in energy harvesting devices can capture 
energy from the environment which would otherwise dissipate 

as loss mechanisms. This makes them optimal for energy 
harvesting devices used to power small-scale, mobile, remote, 
and personal/body-mounted devices. Maximizing the ambient 
energy harvested by utilizing multiple energy sources is critical 
to ensure the effective powering of these devices. SMEC mate-
rials can be used to power wearable electronics, allowing them 
to be powered by the movement of the body, by sunlight on 
the wearable device, and by body heat and solar heat concur-
rently. SMEC materials can be further coupled to sensors and 
devices on industrial equipment, engines, and motors, allowing 
them to be powered by engine heat and vibrations. For these 
systems, the magnitude of total energy captured is critical for 
minimizing weight, footprint, and lifetime of the device, and 
thus SMEC materials provide a clear advantage. In addition, the 
different timescales of thermal, mechanical, and photo charge 
generation allow SMEC materials to function as a multi-input 
self-powered monitoring device, whereby signal from different 
sources can be collected and deconvoluted in a single system. 
Effective self-powering and multi-input sensing can enable 
advanced IoT and sensor devices that can be deployed on  
scale to collect increased environmental data for more predictive  
data/artificiall intelligence modeling.

6.3.2. Green Chemistry

A key application of SMEC materials will be in enabling and 
driving clean chemistry. Over 95% of chemicals used in 
industry are made using catalysts,[137] in addition to the aspi-
rational application of catalysis to future fuel generation.[101] 
Fundamentally, these catalysts often require external energy 
input in the form of electricity (electrocatalysis) or light (photo
catalysis) to function. Yet, this external input is challenging 
to deliver in many applications. Recent work has shown that 

Adv. Mater. 2022, 34, 2203849

Figure 8.  Energy harvesting from mechanical, electromagnetic, and thermal sources from a layered 2D crystal, highlighting the array of complementary 
and competing effects.
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M → E energy harvesting[14,95,138] and ferroelectric materials[118] 
can directly activate catalysts and eliminate the need for exter-
nally applied active energy inputs. SMEC materials can com-
bine these phenomena and capture different types of energy to 
provide an “adaptive” catalyst that functions for a significantly 
expanded timespan. Notably, many-layered 2D crystals pro-
posed as SMEC materials are also known to possess catalyti-
cally active facets for both pollutant degradation and future fuel 
production. These concepts mean that the proposed SMEC 
materials can be activated as catalysts by either motion, heat, or 
light without losses caused by connecting to an external circuit.

6.3.3. Quantum Data Storage

The final highlight is a blue-sky application for SMEC mate-
rials. Recently, the use of layered 2D crystals for heterogenous 
electronics and quantum data storage has been highlighted by 
Lemme et  al.[16] SMEC materials based on layered 2D crystals 
have potential use as an independently switchable memory 
based on thermal, photonic, or electronic stimuli. Alterna-
tively, the energy absorption of SMEC materials across M, P, 
and T can potentially enable these materials to screen unde-
sired energy that could influence the qubit. Similar to catalysis, 
layered 2D crystals have themselves already been identified as 
potential qubits;[139] integrating a vdWs SMEC material into 
a qubit would allow direct integration of a screening mate-
rial without undesired information loss and energy transfer. 
This application in quantum computing will take much more 
research to realize but the potential of SMEC materials to play a 
unique role in this field is clear.

6.4. Enabling Electronic Devices from SMEC Materials

While SMEC materials can provide exceptional improvements 
in captured ambient energy, transferring this energy to power 
a device is a critical process. Energy harvesters require both 
rectification and regulation of the output power supply and, 
therefore, in electronic devices, require integration with energy 
storage devices. Notably, if we use SMEC materials to drive cat-
alytic systems, this integration can be eliminated, as discussed 
in Section 6.3. Integration into energy storage devices is intrin-
sically challenging for energy harvesting systems simply due 
to the different time domains of energy conversion processes. 
The most commonly used energy storage devices in existing 
electronics, the lithium-ion battery, requires ion diffusion 
and intercalation—a significantly slower process compared 
to the rapid voltage/charge generation from ambient energy 
harvesting. Integration with supercapacitors, particularly fast 
charging nanofluidic supercapacitors, could address this chal-
lenge;[140] however, this needs strong validation in practice.

Furthermore, the realization that the connection of a SMEC 
material to an energy storage device fundamentally applies an 
electrical load onto the material is important. We have discussed 
how critical understanding the energy interplay in materials is, 
and this electrical load will influence the energy harvesting per-
formance of the SMEC itself. Thus, a holistic approach to inte-
grated harvester-storage systems is required, where the energy 

demand of the energy storage device is matched to a given 
SMEC material for optimal energy transfer and storage.

The literature of individual energy harvesting materials can 
elucidate solutions to this challenge, with several innovative 
approaches being proposed. Yuan et  al.[141] described the mac-
roscale design of external circuitry consisting of a rectifying 
bridge, dielectric capacitor, and integrated circuit, enabling the 
charging of a lithium-ion battery from an M → E energy har-
vester. This is a traditional and effective approach to capturing 
this energy, although it requires a significantly large footprint 
for the associated electronics compared to the active system. 
Particularly for wearable and implantable electronics, this large 
footprint is undesirable so alternative approaches are needed. 
Notably for low power requirement systems, if the energy har-
vesting (or SMEC) system enables a smaller energy storage 
device (i.e., the change from a pouch battery cell to a coin cell), 
no increase in electronic footprint would be required.

Vertically integrating energy harvesting and conversion sys-
tems into energy storage devices provides a direct pathway to 
achieve both low-loss energy storage and rectification to mini-
mize overall device footprint.[142–145] While exploring the options 
for coupling SMECs to energy storage devices is imperative, it 
is beyond the scope of this perspective, and the authors direct 
readers to a comprehensive review of options in this area by Pu, 
Hu, and Wang.[146]

Layered 2D SMEC materials will provide two advantages for 
the coupling to energy storage devices compared to materials 
relying on individual energy inputs; 1) a significantly higher 
charge generation enabling faster charging of energy storage 
devices and, thus, reduced consequential parasitic losses; and 
2) the ability to vdWs stack key components of energy storage 
devices, including metallic films and graphite electrodes, 
decreasing the energy barrier for charge transport from the 
SMEC material to the energy storage device. Thus, building 
vdWs heterostructures would allow for the integration of rec-
tification diodes[147] into energy storage devices, providing a 
pathway to device application that is not possible with non-lay-
ered 2D crystals.

7. Conclusions

Harvesting energy simultaneously from multiple varying 
energy sources is critical for an energy-efficient future. Lay-
ered 2D crystals, with their unique properties, sit at the inter-
face of optical, thermal, and mechanical energy harvesting, 
and present a promising class of materials for advanced 
energy harvesting and bespoke SMEC materials. Clearly, each  
energy conversion mechanism influences the others during 
energy harvesting—and a thorough understanding of each 
energy conversion mechanism and its interactions at the mole-
cular level is required to deconvolute and explain experimental 
observations. This interplay of energy conversion mechanisms, 
while complex and in the nascent stages of understanding, 
provides an opportunity for the development of materials with 
unprecedented performance in harvesting environmental and 
ambient energy. The combination of layered 2D crystals with 
SMEC functionality will enable the fabrication of high-per-
formance devices, with applications ranging from wearable 

Adv. Mater. 2022, 34, 2203849
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electronics to green chemistry, from photovoltaics to quantum 
computing. Building vdWs heterostructures from these SMEC 
materials will enable direct coupling to energy storage and elec-
tronic devices, minimizing parasitic current losses common in 
integrating such devices together. Energy conversion processes 
are complicated and powerful systems—it is critical to under-
stand the energy interplay network to design materials and 
devices that can fully exploit the interconnected nature of this 
energy landscape.
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