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HIGHLIGHTS

• An introduction to the range of 2D nanomaterials and their advantages for energy scavenging applications.

• A variety of methods are presented for converting solar, mechanical, thermal, and chemical energies into electrical energy.

• A discussion of exclusive applications that exploit 2D nanomaterials for self-powered sensor devices.

ABSTRACT The development of a nation is deeply related to its energy 
consumption. 2D nanomaterials have become a spotlight for energy har-
vesting applications from the small-scale of low-power electronics to a 
large-scale for industry-level applications, such as self-powered sensor 
devices, environmental monitoring, and large-scale power generation. 
Scientists from around the world are working to utilize their engrossing 
properties to overcome the challenges in material selection and fabri-
cation technologies for compact energy scavenging devices to replace 
batteries and traditional power sources. In this review, the variety of 
techniques for scavenging energies from sustainable sources such as 
solar, air, waste heat, and surrounding mechanical forces are discussed 
that exploit the fascinating properties of 2D nanomaterials. In addition, 
practical applications of these fabricated power generating devices and 
their performance as an alternative to conventional power supplies are 
discussed with the future pertinence to solve the energy problems in 
various fields and applications.
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1 Introduction

Energy scavenging continues to develop in every sector 
as a means to supply power for applications ranging from 
the home to industry. The demand for energy resources is 
increasing rapidly as scientists continue to develop alterna-
tives to batteries for low-power electronics and sensors to 
larger-scale power in an attempt to ensure a stable energy 
supply in the future. A unique door has opened up for sci-
entists with the discovery of graphene through exfoliating 
graphite [1], and the investigation of 2D nanomaterials has 
become a developing field. Researchers have been working 
to explore the future demand for energy in an effective and 
environment-friendly way. 2D nanomaterials are referred 
to as the materials having an ultra-thin layered crystalline 
structure with covalent bonding in the intra-layer and Van 
der Waals bonding in the inter-layer [2]. The large surface 
area-to-volume ratio and its atomically thin nature lead to 
2D nanomaterials exhibiting dramatically different behaviors 
to its bulk state with novel characteristics due to quantum 
confinement [3].

In ultra-thin nanomaterials, such as graphene, with a defect-
free crystal structure, its electrons need to pass a shorter 
path; this leads to a very high charge carrier mobility and an 
ultra-high electrical conductivity [4]. These properties make 
them an attractive option in fabricating a range of exciting 
nanoelectronic devices. The ultra-high transverse area and 
ultra-thin structure of two-dimensional nanomaterials pro-
vide the maximum amount of surface atoms, which creates 
an improved environment for specific applications such as 
photocatalysis, photovoltaics, and supercapacitors, where an 
ultra-high surface area represents a significant performance 
parameter for device effectiveness. As a result of these novel 
and unusual properties, 2D nanomaterials are being investi-
gated for energy conversion and storage [5] with excellent per-
formance and potential. Scientists are now moving to exploit 
these intriguing nanomaterials for real-life applications. For 
energy scavenging applications, 2D nanomaterials are being 
used in (i) solar energy scavenging such as photovoltaic cells 
[6], perovskites [7], photocatalysis [8]; (ii) mechanical energy 
scavenging such as triboelectric [9] and piezoelectric devices 
[10]; (iii) thermal energy scavenging such as thermoelectric 
[11] and pyroelectric systems [12]; and (iv) chemical energy 
scavenging such as osmotic power generation [13]. 2D nano-
material-based nanogenerators are potentially an attractive 
option for large-scale power generation from sustainable 

sources such as wind power, ocean waves, and rolling wheels 
[14]. In addition, the generated power from these nanogenera-
tors can supply power for the operation of portable electronic 
devices [15] that can facilitate multi-functionally in real-life 
applications such as body motion sensing and code transmis-
sion by a single generator which scavenges energy from the 
human body [16].

A number of excellent reviews have been published on 2D 
nanomaterials based on device fabrication for power conver-
sion, storage technologies, and sustainable energy applica-
tions [17–19]. However, these existing reviews are limited to 
specific materials, mechanisms, and application areas. In this 
review, the area of 2D nanomaterials for energy scavenging 
devices for all the available energy resources is summarized 
with their performance analysis to provide a broad insight 
into this rapidly developing area. In addition, the devices 
that are being fabricated using 2D nanomaterials for self-
powered devices are discussed. This includes a range of sen-
sors that aim to exploit 2D nanomaterials. In the first section 
of this review, an overview of current nanomaterials is dis-
cussed with their unique and essential properties, which are 
important for various energy scavenging techniques and suit-
able fabrication processes. In the second section, the range 
of energy scavenging mechanisms and device performance 
parameters will be explained in detail with their structure 
and effectiveness in replacing conventional energy sources. 
In addition, self-charging supercapacitors will be summa-
rized based on 2D nanomaterials as a storage substitute. The 
third section describes specific real-life applications where 
2D nanomaterial-based devices are being used as an alterna-
tive source of power for their operation in sensors both for 
industrial, health, and environmental monitoring purposes. 
The conclusions will provide insights into future directions 
for these new materials in energy scavenging research.

2  2D Nanomaterials for Energy Scavenging 
Devices

Among the range of 2D nanomaterials, graphene is the 
most investigated material for energy scavenging and device 
fabrication due to its excellent charge carrier mobility and 
low-cost production [20]. It is atomically thin with sp2 
hybridization of its carbon atoms; Fig. 1a shows an image 
of a single-layer graphene sheet. Due to this configuration, 
graphene is highly transparent that can be an alternative to 
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the transparent conductive oxide (TCO) in organic solar cells 
between the glass surface and organic materials [21]. It can 
also enhance electron transport and the dissociation of exci-
tons between the heterojunctions of solar cells. A smooth 
and planar surface provides a low contact resistance that can 
reduce the potential drop and prevent leakage currents at the 
interfaces of p-type and n-type material solar cells [22]. Due 
to the high scattering of phonons in graphene, the thermal 
conductivity remains very high at room temperature, which 
is an important requirement for effective thermal energy 
scavenging [23]. The heterostructure of graphene enables 
it to metalize the 1D edges of the 2D layer graphene. Its 
surface geometry allows the complete separation of con-
tacts, which leads to high-performance electronic devices 
[24]. The outstanding conductance in terms of electrical and 
thermal properties, with an ultra-wide surface area, leads 
graphene to be a material of interest for dye-sensitized solar 
and fuel cells [25]. Graphene-related materials, such as 
graphene oxide (GO), have a very high Young’s modulus 
and an excellent dielectric constant, enabling it to be a good 
option for the piezoelectric energy conversion process to 
utilize mechanical energies [26]. For a greater electronic 
device output, graphene-enabled or directed nanomaterials 
have been investigated for large-scale device integration to 
understand nanoelectronic industry-scale applications [27]. 
Considering the low cost, high lifetime, and modification 
capability of the properties, the future of graphene is mes-
merizing both in terms of energy scavenging and in terms 
of storage technologies [25]. To meet commercial demands 
from a wide variety of patents and applications, graphene 
is to be produced at a scale of thousands of tons every year 
[28].

2D transition metal dichalcogenides (TMDs) nanomateri-
als are similar to graphene. These nanomaterials have been 
investigated broadly in energy scavenging and sensor appli-
cations. Metal dichalcogenides  (MXs): where M denotes the 
transitional metals and  Xs represents S, Se, or Te, and it 
can be in both mono-layer and multilayer form [29]. During 
the exfoliation of multilayers, due to the interaction of s-Pz 
orbitals, the bandgaps of single-layer become wider, which 
enables a transformation of indirect bandgap into direct 
bandgap, thereby providing excellent photoluminescence. 
The wide bandgap is an important property to avoid current 
leakage in piezoelectric materials and photoluminescence 

provides a better solar energy harvesting mechanism [29]. 
A diagram of the single-layer crystal structure of tetragonal 
 MoS2 is shown in Fig. 1b. The ultrathin two-dimensional 
nanomaterials based on  MoS2 show highly favorable proper-
ties, such as an excellent density of states of electrons and 
holes with a very high Seebeck coefficient [30]. According 
to its electrical properties, its members are insulators such 
as  HfS2, semiconductors such as  MoS2, semi-metals such 
as  WTe2, and true metal such as  NbS2, thereby covering 
a great diversity of the electrical spectrum in response to 
the oxidation level along with the adjustments of transition 
metal atom [31]. TMD-based devices are also capable of 
high-frequency operations due to their significant bandgap, 
which is important for communication and data process-
ing applications [32]. Two-dimensional TMDs offer many 
tunable properties functionalization with various polymers, 
thereby making them excellent candidates for flexible and 
transparent electronics applications with improved mechani-
cal efficiency [33].

2D perovskite nanomaterials have elevated light-har-
vesting properties. Due to these properties, these materials 
are being extensively and increasingly investigated in solar 
energy scavenging applications. For stabilizing perovskites, 
both formamidinium (FA)- and phenylformamidinium 
(PFA)-originated cations are working as a substitute of sur-
face patches. While formamidinium cations are better due 
to their attenuated band gaps and stability, the mixed cation 
2D perovskites show excellent performance both in terms of 
device improvement and in terms of thermal stability. This 
performance is achieved as a result of the enhancement of 
surface flaws and avoiding the rearrangement of the hole 
transfer layer and perovskites layer at adjacent surface edges 
[34]. The nonlinear scattering and photocarrier recombina-
tion are comparatively reduced in ultrathin 2D perovskites, 
which is favorable for the investigation of intrinsic optical 
properties [35]. The triangle and hexagonal shapes of the 
high-quality 2D perovskite crystals facilitate tunable photo-
luminescence enabling wider applications in optoelectronics 
[36]. Charge-transfer excitons (CTEs) can be generated from 
the heterostructure of 2D perovskites, as shown in Fig. 1c, 
using a combination of  PEA2PbI4:  PEA2SnI4 which operates 
as a host and guest, respectively. This process leads to tuning 
of the properties of the perovskite that can provide oppor-
tunities to develop advanced optoelectronic devices [37].
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Recently, 2D MXene nanomaterials are receiving signifi-
cant interest as a result of the strength of their fascinating 
electrical, plasmonic, optical, and thermoelectric character-
istics. These properties, in addition to their extended effec-
tive surface, have made them attractive materials for elec-
tronic, electrochemical, and catalytic applications for energy 
scavenging. MXenes are a group of 2D nanomaterials that 
consist of transition metals carbides, nitrides, and carboni-
trides. Figure 1d shows  Ti3C2Tx MXene synthesized from 
a MAX phase, in which M refers to a transition metal, A 
symbolizes the main element cluster, and X refers to carbon 
(C) or nitrogen (N) [38]. 2D thin films synthesized from 
the deposition of MXene dispersion in a layer-by-layer way 
show high optical transmittance (more than 80%), which 
is an important requirement for photoactive materials for 
the fabrication of displays and PV (photovoltaic) cells [39]. 
Due to the conductivity of carbide core and accumulation 
of dipoles on the surface of MXene fillers and polymer 
matrix, MXenes exhibit good electrical conductivity and 
dielectric properties under the applied electric field [40]. 
The outstanding surface chemistry makes MXenes and its 
nanocomposites an active field of study for electrochemi-
cal energy scavenging, such as electrolytic water splitting 
[41]. In addition, the increased surface charge density is of 
interest for extending the nanofluidic energy conversion such 
as osmotic power generation by playing an important role 
in modulation of the ion diffusion procedure between two 
liquids having a different level of salinity [13]. Existing pub-
lished research from the web of science databases shows that 
MXenes have already attracted significant attention from the 
scientific community for energy scavenging technologies.

2D metal–organic frameworks (MOFs) have a structure of 
crystal-like materials, where the metallic node is bound with 
a variety of organic ligands. Due to their porous structure 
and surface chemistry, MOFs have excellent performance 
in electrolytic techniques such as the hydrogen evolution 
reaction (HER), oxygen evolution reaction (OER), carbon 
dioxide reduction reaction (CRR), oxygen reduction reac-
tion (ORR), and urea oxidation reaction (UOR) [42]. The 
functionalization of MOFs with quantum dots (QDs) can 
extend the light-harvesting behavior, offering enhanced cov-
erage of the light spectrum with adsorption of the visible 
region by QD-MOF hybridized fabricated devices [43]. Due 
to their tunable morphological structure, porous surface, and 
favorable electrochemical properties, 2D MOFs can be a 

convenient choice of material for energy scavenging, cataly-
sis, and sensor applications with the opportunity of efficient 
device fabrication [44]. Due to the mixing of MOFs with a 
polymer matrix, its deposition on the support surface and 
applied mechanical compression exhibits limitations such 
as blockage of pores, destruction of the framework, or com-
pound aggregation hampering device performance [45].

In addition to the mentioned 2D nanomaterials [21–45], 
many others are being investigated for energy scavenging, and 
the number continues to increase. 2D nanomaterials synthe-
sized from metal oxide and layered hydroxide materials are 
favorable for energy scavenging applications. The materials 
include PV (photovoltaic) cells, photocatalysis, piezoelectric 
power generation, and fuel cells [46]. ZnO nanoleaves have 
been synthesized through simple chemical vapor deposition 
(CVD) that shows optimistic electromechanical properties 
for the application in NEMS (nanoelectromechanical system) 
devices [47]. Some metallic non-layered 2D nanomaterials, 
such as several pure metals and alloys and layered 2D nano-
materials, include germanene, silicene, stanene, antimonene, 
which are being investigated for solar cells, catalytic, surface 
plasmon resonance process for sensing and energy conver-
sion applications [48]. By stacking 2D unilamellar nanosheets 
from bulk materials, some 2D superlattices are being inves-
tigated since they provide very attractive electrical proper-
ties for energy scavenging such as water-splitting and energy 
storage technologies [49]. Researchers are also considering 
a diverse range of innovative 2D nanomaterials such as bio-
inspired nanomaterials from biological organs or components 
[50], 2D polymer nanomaterials [51], and rare-earth 2D nano-
materials from lanthanum (La) to lutetium (Lu) in the periodic 
table. In addition, researchers are considering composites [52] 
for energy scavenging and device fabrication.

With the enhanced diversity and advanced properties, 
2D nanomaterials have unique characteristics such as func-
tionalized hybridization [53], surface engineering [55], and 
many other techniques for tuning the specific characteristics 
according to the application requirements. To elevate the 
optoelectrical properties of two-dimensional nanomaterials, 
such as TMDs, techniques such as doping with ions and 
atoms, surface modification with organic molecules, sur-
face adsorption with macromolecules, and surface hybridi-
zation with other nanostructures are being investigated for 
improved device performance [53]. In some instances, dif-
ferent types of vacancies, as shown in Fig. 1e, can be formed 
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during the synthesis of the 2D nanomaterials under specific 
harsh conditions that can be turned into the localization of 
electrons, lattice distortion, electronic compensation, and 
disbanding and reconstructing chemical bonds. These types 
of adjustments provide unique physical and chemical proper-
ties, which opens new opportunities for innovative research 
in photocatalytic and electrolytic energy scavenging appli-
cations [54]. In the context of exploiting cation and anion 
vacancies, distortion, and disorder on 2D nanomaterials, 
the process of surface defect engineering can significantly 
increase the photocatalytic properties by enhancing both 
charge separation and light adsorption [55]. Tunable car-
rier confinement in 2D nanomaterials is a mechanism by 
which the application of mechanical strains leads to band 
alignment adjustment since a specific nanomaterial is always 
with an increasing valence band maximum (VBM) along 
with the degrading conduction band minimum (CBM). The 
intensity of charge for both VBM and CBM for a double-
layered lateral heterostructure of  MoS2/WS2 is presented in 
Fig. 1f, where a heterostructured  MoS2/WS2 is at the head 
of the  MoS2/WS2’s single-layered [56].

By implementing a hybrid nanostructure and using 
surface modification between the nanosheets of layered 
2D nanomaterials, it is possible to tune the electrochemi-
cal properties, develop excellent electrical conductivity, 
and highly active surface chemistry for electrochemical 
energy scavenging applications and sensor fabrication [57]. 
Recently, chirality has also been introduced in 2D nanoma-
terials by liquid exfoliation with the appearance of the chiral 
ligands and investigation of its significance in optoelectronic 
and sensor technologies [58]. Supermolecules are also being 
investigated in 2D nanomaterials for extended performance 
and efficiency [59]. These tunable characteristics contribute 
to taking part in the principal role in the advancement of 
2D nanomaterial-based energy scavenging applications and 
device fabrication research. For analyzing these characteris-
tics, different types of characterization techniques are being 
applied, which are shown in Fig. 1g, where optical methods 
such as optical spectroscopy, interference reflection micros-
copy, scanning electron microscopy (SEM) are being used 
to locate voids, cracks, and determine the number of layers 
for exact characterization in a range of versatile applications 
[28]. As a result of their compact size, 2D nanomaterial-
based nanogenerators can perform in a range adverse condi-
tions in water and harsh environments [60].

3  Mechanisms and Performance of 2D 
Nanomaterial‑Based Energy Scavenging 
Devices

3.1  Solar Energy

Future energy supplies should depend on the utilization of 
sustainable sources and solar energy aided with 2D nano-
materials, which has turned into a dynamic area of energy 
scavenging studies. The superconducting and exceptional 
electrical properties of 2D nanomaterials have made them 
an active area in the development of highly efficient pho-
tovoltaic (PV) cells [63, 64], perovskites solar cells [65, 
66], polymer cells [67], photocatalysis, and water-splitting 
systems [72, 73]. The majority of 2D nanomaterials used 
with heterojunction-like graphene can be used on silicon 
surfaces, whose efficiency ranges from 15 to 17% [61]. The 
opportunity for tuning the properties of 2D nanomateri-
als has proven to be attractive in fabricating materials for 
solar energy harvesting devices. A comparative summary 
of the reported works based on 2D nanomaterials with the 
device structure, fabrication methods, and outputs is given 
in Table 1.

Figure 2a shows a schematic of a typical fabrication of a 
photovoltaic device fabricated with graphene/n-GaN on a 
sapphire substrate with gold (Au) and aluminum (Al) con-
tacts having a calculated open-circuit electric potential of 
0.224 V. It has an efficiency of 0.0013% along with a fill 
factor (FF) of 23% [62]. The fabrication stage may include 
additional processing steps to introduce new surface or 
interface engineering and obtain greater efficiencies and 
improved performances. In Fig. 2b, an interface modifi-
cation is introduced by the addition of a hexagonal boron 
nitride (h-BN) layer. Thus, a larger electrical conductivity 
of h-BN decreases the series resistance of the solar cell, 
thereby resulting in a higher open-circuit voltage [63]. Dop-
ing with different cations or anions such as arsenic (As) in 
a cadmium telluride (CdTe) solar cell is another strategy to 
achieve high-efficiency solar cells. Figure 2e represents the 
process of analyzing the cathode luminescence by applying 
an electron beam to find the undoped region with the level 
of excitonic emission [64]. The overall efficiency of the solar 
cell doped with As, without any anti-reflection coating, is 
20.8%, which is shown in Fig. 2f along with the current 
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Table 1  Comparative summary of reported work on solar energy harvesting including device structure, functional materials, fabrication tech-
niques, and device outputs

Device structure Functional materials Fabrication techniques Device outputs References

Graphene,
Gallium nitride (GaN)

Metal–organic chemical vapor 
deposition (MOCVD)

Voc = 0.225 V
Jsc = 0.0257 mA  cm−2

FF = 23%
PCE = 0.0013%

[62]

Graphene,
Hexagonal boron nitride 

(h-BN)

Photolithography chemical vapor 
deposition (CVD)

Voc = 0.547 V
Jsc = 32.89 mA  cm−2

FF = 54.2%
PCE = 10.93%

[63]

CdSeTe
CdTe

MOCVD
Vapor-transport deposition (VTD)

Voc = 0.921 V
Jsc = 30 mA  cm−2

FF = 80%
PCE = 20.8%

[64]

Phenylethylammonium 
lead iodide  (PEA2PbI4)

Spin coating Voc = 1.13 V
Jsc = 24 mA  cm−2

PCE = 20.64%

[66]

Graphene
WOx
WSe2
MoS2

Beam lithography
E-beam deposition

Voc = 0.48 V
Isc = 0.69 µA
FF = 45%
PCE = 5%

[67]

rGO/PANI-Ru hybrid 
nanocomposite

Spin coating Voc = 0.732 V
Jsc = 14.59 mA  cm−2

FF = 63.6%
PCE = 6.8%

[68]
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density–voltage characteristics, and Fig. 2g delineates the 
related external quantum efficiency (EQE) [64].

2D perovskites materials are becoming the epicenter 
of solar energy scavenging research as they are more 
favorable for many aspects, for instance the primary 

light-absorbing agent, passivation layer, cover coating, an 
anti-reflection coating, and more [65]. 2D nanomaterials 
have less volatility and have more hydrophobic organic 
ions than 3D materials, which leads to greater stability in 
thermal and chemical environments. Figure 2c provides 
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a schematic of a solar device, where 2D formamidinium 
lead iodide  (FAPbI3) is formed on the grain boundary of 
3D perovskite. This structure provides better stability, as 
shown in Fig. 2d, which describes the photon conversion 
efficiency (PCE) measured by an encapsulated control and 
target device under continuous light [66]. The examina-
tion of Fig. 2d indicates that the target device shows less 
degradation of the maximum power point, which is only 
20% rather than 68% for the case of the control device for 
450 min. Thus, the efficiency of the perovskites has been 
extended to 19.77%. Figure 3a represents a photovoltaic 
device in which an atomically thin WOx layer is applied 
between the  WSe2-MoS2 heterojunction to increase the 
photo-responsivity of the device [67]. The device char-
acteristics are illustrated in Fig. 3b, wherein the output 
voltage, Voc (open-circuit voltage), is elevated to 0.48 V 
from 0.23 V. More importantly, the overall power conver-
sion efficiency is enhanced dramatically to 5% from only 
0.7%, as shown in Fig. 3c [67]. 

A polymer solar cell based on pyridyl benzimidazole incor-
porated with Ru complex imprinted polyaniline assembly 
(PANI-Ru) is investigated using inoculating reduced graphene 
oxide (rGO). The device performance increases significantly 
because of the excellent electrical properties of rGO [68]. The 
designed polymer solar cell is shown in Fig. 3d, where the 
rGO/PANI-Ru: PCBM works as a photosensitive coating. The 
energy levels in the device are indicated in Fig. 3e, and the 
resulting value of HOMO and LUMO is − 4.8 and − 3.67 eV, 
respectively. In addition, Fig. 3f displays the current den-
sity–voltage (J–V) properties, where it is observed that there 
is no current density (Jsc) in the device under dark condi-
tions [68]. The application of multi-functional 2D perovskites 
(M2P) with the hole transporting material (HTM) along with 
2,2′,7,7′-tetrakis-(N,N-di-p-methoxyphenyl-amine)-9,9′-
spirobifluorene (spiro-OMeTAD) light absorber increases 
both the effectiveness and the stability since M2P triggers 
faster hole transport and provides a passivation effect due to 
its randomly oriented crystal structure [69]. It is clear from 
Fig. 3g, h that the fabricated device is dominating in terms of 
performance for all the criteria such as open-circuit voltage 
(Voc), current density (Jsc), fill factor (FF), and photoconver-
sion efficiency (PCE). This happens when it undergoes M2P 
deposition at both stages of perovskite solar cells in accord-
ance with M2P and spiro-OMeTAD conditions. In addition, 
in the stage of spiro-OMeTAD on the basis of M2P require-
ments under the reverse and forward scan of the device, the 

stability of the perovskite solar cell improves by maintaining 
a maximum power point tracking to 80%, compared to 64%, in 
the case of applying M2P which is shown in Fig. 3i [69]. The 
highest efficiency from a perovskite solar cell to date is 25.2% 
[70]. Researchers are applying new materials and technologies 
such as applying additive engineering during film formation, 
introducing modifiers to elevate electron–hole transport, and 
changing the surface chemistry for a more efficient and stable 
perovskite solar cell [71].

In addition to PVs and PSCs, water splitting is a major 
concern for harvesting solar energy using 2D nanoma-
terials, in particular materials such as 2D phosphorene 
[72], 2D polymers [73], 2D porous  TiO2 single-crys-
talline materials [74], and other 2D layered materials 
[75]. Water splitting uses sunlight and water to produce 
hydrogen fuel with specific surface redox reactions that 
are aided by the bandgap energy level of the nanomate-
rial [75]. The water-splitting process includes both the 
photoelectrochemical (PEC) and photocatalytic reaction 
(PC), but PEC is more attractive due to the production 
of  O2 and  H2 separately at different electrodes, thereby 
reducing the problem of oxygen and hydrogen separation 
[76]. A graphene-based hybrid artificial photosynthesis 
has been introduced by integrating a photocatalyst and 
biocatalyst for producing fuel from  CO2 with a 225% 
increase in efficiency compared to a conventional gra-
phene film-based photocatalyst [77]. Figure 3j, k shows 
the photocatalytic activity and production of NADH (nic-
otinamide adenine dinucleotide (NAD) + hydrogen (H)) 
and formic acid from  CO2, which is derived from GF, 
DdIC chromophore, granulated graphene-DdIC, GFPC 1 
(graphene film photocatalyst 1), and GFPC 2 (graphene 
film photocatalyst 2). It is clear from the graph that the 
graphene film photocatalyst is more efficient. The pho-
tocurrent evaluation in Fig. 3l indicates that GFPC has 
10 times more current than DdIC chromophore, suggest-
ing that GFPC is more effective at photocatalytic energy 
scavenging [77]. Harvesting solar energy effectively, 2D 
nanomaterials face difficulties in fabricating high-quality 
PSCs related to long-term and operational stability [66]. 
In addition, low-cost mass production, low efficiency, 
and poor light-harvesting properties remain a challenge 
for scientists. The excellent electrical properties, with 
no toxicity, are leading 2D nanomaterials to improve the 
efficiency of 2D nanomaterials for solar energy harvest-
ing as a clean energy solution.
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3.2  Triboelectric Power Generation

Triboelectric power generation is a process where a small 
amount of electrical charge is stored between two materi-
als after some mutual mechanical movement. Although the 
amount of energy is small, it can play a significant role for 
mini- or micro-electronic devices by removing the need 
for a battery-powered supply, and it facilitates the creation 
of self-powered devices by scavenging sustainable energy 
from its surrounding environment. After the development 
of the triboelectric nanogenerator (TENG) to generate tri-
boelectricity from surrounding mechanical energy by Wang 
et al. [78] and his group, the TENG has captured the inter-
est of the scientific community to investigate the approach 
for energy harvesting applications [78]. The output power 
of the triboelectric nanogenerator depends on the charging 
behavior of the materials due to the arrangement of the rela-
tive polarity under an applied mechanical energy. The larger 
the relative distance according to their negative or positive 
polarity, the greater the charging properties, which has a sig-
nificant role on device performance [79]. The output power 
of the triboelectric process depends on material thickness, 
surface irregularity, dielectric constant, the number density 
of states (DoS), and impurity content [79]. By providing an 
opportunity to achieve favorable electrical and mechanical 
properties, 2D nanomaterials are becoming promising in this 
field for the fabrication of TENGs for a range of possible 
applications and as a substitute for external power sources.

A typical diagram of the TENG configuration is repre-
sented by Fig. 4a, with its mechanism of operation, where 
the dielectric material polydimethylsiloxane (PDMS), mixed 
with  TiO2 nanoparticles (NPs), is located between the upper 
and lower Al (aluminum) electrodes [80]. At the initial 
stage, the upper electrode is without a charge, but the lower 
electrode has a positive charge as the dielectric material is 
negatively charged following the triboelectric series [81]. 
When a perpendicular force acts upon the upper electrode, 
it touches the dielectric material, and positive charges flow 
through the circuit to the lower electrode, creating a fixed 
directional electrical pulse, as presented in Fig. 4b. The 
release of the external force results in an opposite inverse 
current signal, as expressed in Fig.  4b [80]. Figure  4c 
shows a three-dimensional (3D) mathematical formula for 
the estimation of device performance, where ε0 symbolizes 
air permittivity (free space), ε2 denotes the charge of that 
plane from the frictional effect of dielectric material, σT 

denotes the charge density of the virtual plane, σu indicates 
the charge density, and z symbolizes the electrical poten-
tial of electrodes [80]. The outputs of the TENG depend on 
the applied mechanical force and the weight ratio of  TiO2 
NPs. However, a large weight ratio of  TiO2 can degrade the 
mechanical strength, resulting in reduced durability. How-
ever, an optimized device shows an effective response after 
2000 cycles of operation and after four weeks.

However, a TENG with a liquid single electrode con-
taining a 2D nanomaterial graphene oxide (GO) dispersion 
has been developed to provide improved stability, sensitiv-
ity, and flexibility [82]. Figure 4e shows an image of the 
designed device, where the GO dispersion plays the role of a 
liquid electrode. The morphology of GO is shown in Fig. 4d, 
with a lamellar 2D configuration along with a large number 
of folds, ripples, and high surface area, which leads to an 
elevated and effective charge transfer with a large degree of 
defects, as seen in Fig. 4f. The fabricated devices provide 
higher mechanical flexibility, improved deformability, and 
better mechanical properties. The output current density Jsc 
(short-circuit current) and voltage Voc (open-circuit voltage) 
are presented in Fig. 4g, h, respectively. The effect of the 
level of GO dispersion concentration is also studied in the 
range from 1 to 20 mg  mL−1; herein, the maximum output 
can be found at 10 mg  mL−1 from Fig. 4i. The fabricated 
device is highly sensitive at frequencies as low as 0.45 Hz, 
producing a small, but detectable, current signal [82].

To further increase the efficiency of a TENG, many meth-
ods are being investigated. A fluorinated metal–organic 
framework (F-MOF) acting as a dual functional filler with 
a polydimethylsiloxane (PDMS) matrix to form PDMS@F-
MOF is shown in Fig. 4j. The distribution of electric fields 
is studied, which increases the electrical output 11 times 
compared to conventional devices [83]. The output voltage 
Voc (open-circuit voltage) along with current density Jsc 
(short-circuit current) in conventional PDMS (TENG) and 
PDMS@F-MOF (M-TENG) can be found in Fig. 4k; also, 
the power density is represented by Fig. 4l. It is also notice-
able that the F-MOF mass ratio with PDMS has a positive 
relationship up to 0.5 wt% as the extra charge of the fluo-
rine group extends the capacitance between the films; the 
addition of more than 0.5 wt% reduces the output due to 
aggregation of the filler in the matrix. A minimum power 
density of 4.68 μW  cm−2 is obtained from the TENG and a 
maximum power density of 52 μW  cm−2 from M-TENG (11 
times greater than TENG). For practical applications, the 
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fabricated M-TENG has been used for creating a generated 
voltage by simple human motion, such as tapping or walk-
ing, which is shown in Fig. 4m. In addition, for illuminat-
ing an 8-bit LCD, as illustrated in Fig. 4n the M-TENG has 
shown results in charging storage capacitors, as described in 
Fig. 4o, which indicates that it has potential as an excellent 
mechanical energy scavenging technology [83].

Rather than using dielectric materials, the gliding of a 
platinum-covered silicon AFM (atomic force microscope) tip 
as the external voltage source across multilayers of molyb-
denum disulfide  (MoS2) leads to the creation of a TENG. 
In this case, triboelectricity is generated and  MoS2 plays 
an important role in charge transfer [84]. Figure 5a shows 
three different triboelectric current responses of  MoS2 grains 
where Igrain2 > Igrain3 > Igrain1, and Fig. 5b illustrates the cross-
sectional current of Fig. 5a. Figure 5c represents the voltage-
current behavior of grain 2 and the magnified measurement 
of voltage-current spectra of grain 2 from points 10–13 are 
shown in the inset. The reason for the variation in values is 
due to the variation of surface charge in different grains of 
 MoS2 since the bottom electrode tends to be oxidized. The 
external voltage supplied by the AFM tip helps the nanogen-
erator to increase the generated triboelectric current density, 
which can be used in many large-scale mechanical energy 
harvesting purposes by the integration of many such devices 
[84]. A core–shell-like structure consisting of metal Ni as 
core and metalene (antimonene nanodendrite) shell-based 
nanogenerator is fabricated that can produce triboelectricity 
and provide electrochemical energy storage [85]. This dual 
functionality offers an optimistic possibility for the polymers 
for energy harvesting and storage applications. Figure 5d 
shows a schematic of the fabricated nanogenerator, which 
is fabricated with metalene by electrochemical deposition 
technique (EDT). The fabricated device can act as a capaci-
tor with a specific capacity of 1618.41 mAh. The generated 
rectified output voltage under the mechanical force in the 
range from 0.2 to 20 N is shown in Fig. 5e where a maxi-
mum voltage is found at 20 N [85].

Furthermore, thin-film reduced graphene oxide nanorib-
bons (rGONRs) incorporated within a polyvinylidene fluo-
ride (PVDF) polymer have been applied in fabricating an 
arch-shaped TENG with a single electrode, as illustrated in 
Fig. 5f. The rGONRs exhibit charge negativity due to the 
larger diameter ratio, extreme edges, and electronegative 
oxygen-containing functional groups. This type of architec-
ture that combines the surface roughness incorporated with 

the generating functional groups can improve the charge stor-
age ability of the rGONRs/PVDF film [86]. The charge pro-
duction on aluminum (Al) foil decreases with an increase in 
the gap between the rGONRs/PVDF film and aluminum (Al) 
foil, which is presented by Fig. 5g. This fabricated TENG 
has led to highly stable behavior after a stability test for 500 
cycles, as illustrated in Fig. 5h, and this reliable behavior 
is important for applications in portable electronic devices 
[86]. A rapid fabrication technique with porous  BaTiO3 or a 
polydimethylsiloxane (PDMS) nanocomposite-based TENG 
has been introduced, where the fabrication process is made 
more simple and effective [87]. A porous  BaTiO3/PDMS-
based nanogenerator was fabricated by microwave (MW) 
irradiation that can increase the output voltage by 83% and 
130% for a positive and negative voltage, respectively. The 
resulting voltage from the TENG fabricated with a solid 
and porous nanocomposite is presented in Fig. 5i, which 
confirms the superiority of the porous nanocomposite. The 
voltage, current, and maximum power density at 100 MΩ 
load resistance are depicted in Fig. 5j. The fabricated device 
is capable of charging capacitors, rechargeable coin cells, 
and several hundred light-emitting diodes (LEDs). Figure 5k 
shows the capacitor charging efficiency and the TENG can 
charge 3 V lithium cells up to 1.6 V in 2500 s [87].

With additional investigation, such as utilizing a gra-
phene/copper heterojunctions for electron transfer [88] and 
large-area graphene synthesis at the exterior side of the 
copper with the help of chemical vapor deposition (CVD) 
process [89], more stable and effective TENG fabrication 
processes are being developed. The functional nature of 2D 
nanomaterials such as graphene can avoid the oxidation of 
the Cu (copper) electrode at room temperature, which leads 
to higher device efficiency [88]. A chemical etching-free, 
residual polymer-free, and environmentally friendly method 
is used to grow graphene on copper by the CVD (chemical 
vapor deposition) process on the surface of transparent EVA 
(ethylene vinyl acetate) or PET (polyethylene terephthalate) 
[89]. The upcoming research on the synthesis and fabrica-
tion methods will develop this sector for the large-scale 
production of 2D nanomaterials, such as graphene, in an 
effective way. To concentrate on ambient energy sources and 
achieve a more efficient operation by the appropriate utiliza-
tion of mechanical energy from both sides of the electrode, 
a robust thin film-based TENG array for scavenging bidi-
rectional wind energy has been developed for self-powered 
devices [90]. The newly fabricated nanogenerator opens up a 
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Schematic of triboelectric nanogenerator with a single electrode based on reduced graphene oxide nanoribbons/ polyvinylidene fluoride. g Gen-
erated charges of Al foil, which decreases with the increasing gap between the film and foil. h Stable operation of triboelectric nanogenerator for 
500 cycles. i Comparison of triboelectric generator voltage while fabricated by porous and solid nanocomposites. j Output voltage, current, and 
power. k Performance in powering a lithium coin cell. Figures reprinted with permission from: a, b, c Ref. [84], © 2018 Nature; d, e Ref. [85], 
© 2020, Elsevier; g, h, i Ref. [71], © 2016 Nature; j, k, l Ref. [72], © 2018 Nature
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new way of thinking to utilize all available surrounding ener-
gies more effectively by developing a more suitable device 
architectural design. Achieving an overall improvement is a 
continual process for exploiting 2D nanomaterials for tribo-
electricity generation. The tunable properties and flexibili-
ties of 2D nanomaterials are making TENG more efficient in 
mechanical energy conversion from small-scale vibrational 
motion to heavy sea waves [5]. There are some demerits in 
terms of material synthesis complexity, slow growth rates, 
and high costs. In addition, the storage and fabrication costs 
are a barrier in triboelectric nanogenerator research for the 
scientific community [85, 86]. The application areas of these 
fabricated devices are highly versatile and cut across many 
fields, including device structure, functional materials, fab-
rication process, device outputs, reliability. Applications of 
the reported work are summarized in Table 2.

3.3  Piezoelectric Power Generation

In a similar way to triboelectric power generation, the pie-
zoelectric effect is a method where mechanical energy can 
be converted to electric energy. 2D nanomaterials are now 
being extensively used for both direct current (DC) and 
alternating current (AC) piezoelectric power generation. 2D 
nanomaterials exhibit excellent piezoelectric properties in 
energy scavenging, while they do not exhibit such properties 
in their bulk state [91]. In general, non-centrosymmetric-
ity is a required property for a material to be piezoelectric 
because the electrical polarization is associated with it dur-
ing the coupling of mechanical and electrical behaviors [92]. 
The device structure with fabrication methods and functional 
materials, outputs, and applications of the reported piezo-
electric power generating devices based on 2D nanomateri-
als is summarized in Table 3.

A piezoelectric nanogenerator (PENG) has been fabricated 
using a 2D ZnO nanosheet, with its piezoelectric DC power 
generation process shown in Fig. 6a [93]. In this case, a gold 
(Au)-coated polyethersulphone (PES) has been used for the 
upper electrode and aluminum as the lower electrode. A 2D 
ZnO nanosheet/anionic nano-clay-layered heterojunction is 
synthesized amongst the two electrodes. When an external 
force acts on these nanosheets, it creates a positive poten-
tial on the outside of the expanded nanosheets, generating 
the negative electrical potential on the inside of the shrunk 
nanosheets, as shown in Fig. 6a. During the holding time, 

the positive potential of the nanosheets starts to decrease by 
attracting electrons, which are generated from the upper Au 
electrode connected to the compressed nanosheets until the 
potential becomes neutral when the force is released. As a 
result, the device generates only a DC pulse in every pushing 
and releasing period. The resulting current density and volt-
age depend on the level of the applied pushing force, which 
is represented in Fig. 6d where it can be found that a greater 
degree of force leads to a higher output. However, it is also 
necessary to consider the mechanical stability during opera-
tion of the fabricated PENG, and therefore, it is subjected 
to mechanical testing for comparison of the load–displace-
ment curve between nanorods and nanosheets, as depicted in 
Fig. 6e [93]. Using a similar mechanism, a ZnO nanosheet-
based PENG is represented in Fig. 6g [94]. The density of the 
nanosheets decreases the aggregation of freestanding of ZnO 
residues, which leads to an improved output performance. 
In this case, the voltage is increased up to 1.15 V, which is 
shown in Fig. 6h. It also shows an excellent power density of 
600 nW  cm−2 at 10 kΩ resistance, as illustrated in Fig. 6i. The 
fabricated device also provides a persistent output without any 
degradation in the output for up to 4000 cycles, indicating the 
durability of the device [94].

A single atomically thin-layered  MoS2 has been investi-
gated for piezoelectric harvesting and fabricated as a flex-
ible PENG. Figure 6b displays a diagram of the fabricated 
device, and the working mechanism is represented by Fig. 6c 
[95]. When the PENG is stretched by applying a mechanical 
strain, both a positive and negative induction of the piezo-
electric polarization charges occurs at the edges of the  MoS2 
adjacent to the electrodes, as shown in Fig. 6c. This results 
in a current flow through the external circuits. Similarly, dur-
ing the relaxation period, electrons flow along with the load 
circuit in an alternating direction, as indicated by an arrow 
in Fig. 6c. The resulting voltage and current from the device 
are directly related to the maximum value of the strain that 
is applied, which is presented in Fig. 6f, and the fabricated 
PENG can easily sense the level of strain applied to it [95].

A new organic–inorganic ferroelectric perovskite mate-
rial, known as  Me3NCH2ClMnCl3 (TMCM-MnCl3), has 
been discovered with elevated piezoelectric properties 
that can be further modified by replacing with a new ele-
ment or new molecular structure according to the applica-
tion, which is attractive for nanosystems and self-powered 
devices [96]. This opens the door to solve the issues of 
rigidity and toxicity of piezoelectric materials to make 
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Table 2  Comparative summary of reported work on triboelectric energy harvesting including device structure, functional materials, fabrication 
techniques, device outputs, reliability, and applications

Device structure Functional 
materials

Fabrication methods Device outputs/ Reli-
ability

Applications References

TiO2 nano-
particles

Dispersion, chemical 
coating, electro-
spinning

Voc = 115 V
Efficiency = 92%
Up to 3 cycle output 

remains 90%

Self-powered nanosys-
tem, on-skin sensors, 
wearable

devices

[80]

GO disper-
sion

Curing, molding, 
demolding

Voc = 123.1 V
Jsc = 18.61 mA/m2

Power den-
sity = 4.97  Wm−2

Stable output up to 
60 days

Bending monitoring,
Pressure monitoring

[82]

Fluorinated 
metal–
organic 
framework

Dispersion, electro-
spinning

Voc = 550 V
Isc = 2.6 µA
Power den-

sity = 121 µWcm−2

Energy source for LCDs 
and capacitors

[83]

Antimonene, 
3D Ni

EDT (electrochemi-
cal deposition 
technique)

Voc = 54 V
Isc = 87 µA
Power den-

sity = 6.85 µW  cm−2

Much higher charging 
period

Integrated energy 
systems

[85]

Reduced 
graphene 
oxide 
nanorib-
bons 
(rGONRs)

Drop casting tech-
nique

Output voltage = 0.35 V
Shows stability up to 

500 cycles

Energy harvesting [86]

BaTiO3, 
PDMS 
nanocom-
posite

Microwave irradia-
tion

Maximum power den-
sity = 1.184 W  m−2

Fabrication time is 
shorter

On-skin sensors, soft 
actuators

[87]

Reduced 
graphene 
oxide 
(rGO)

Physical exfoliation, 
spin coating

Voutput = 60 V, Maxi-
mum power den-
sity = 91.9 mW  m−2

Stable up to 10,000 
bending cycles

Power electronics [88]
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them soft, lightweight, and biofriendly for applications 
in health monitoring sensors. For practical applications, 
piezoelectric nanogenerators are of interest when fabri-
cated with nanomaterials that make them highly sensitive 
and lightweight. A stretchable graphene thin film-based 
yarn sensor having adjustable piezoelectric properties has 
been fabricated by combining a graphene oxide (GO) layer 
covering the polyester (PE) wound spandex yarns, which 
can provide any electrical signal from the small move-
ment of human motion [97]. Here, the electron transport 
behavior of the graphene film is changed by varying the 
stretch level, which leads to a better sensitivity of the sen-
sor. Hybrid power generating systems, such as a PENG 
coupled with a TENG, has been introduced recently for 
achieving better efficiency and flexibility of multi-level 
scavenging capability [98]. The fabricated hybrid nano-
generator can generate piezoelectrical power from the self-
oscillating response of the impact-induced friction and 
triboelectric power is due to the effect of impact-induced 
friction directly. Effective piezoelectric generation 

depends on the behavior of the materials, where non-sym-
metricity is one of the most important. In this case, 2D 
nanomaterials such as single-layered, atomically thinned 
materials are capable of exhibiting non-symmetric proper-
ties that are not possible in the bulk state. Other properties 
such as flexibility, mechanical stability, conductivity can 
also be further improved by different methods. In terms 
of demerits, the piezoelectric materials can be toxic and 
fragile, which can be a challenge for environmental and 
health monitoring applications [96]. In addition, a vulner-
able structure is not ideal for mechanical operations during 
piezoelectric generation.

3.4  Thermoelectric Power Generation

A convenient way of utilizing ambient and low-grade waste 
heat from industrial processes is to generate electrical 
energy by employing thermoelectric (TE) devices through 
a process termed thermoelectric power generation. Due to 
their excellent thermal conductivity, 2D nanomaterials are 

Table 2  (continued)

Device structure Functional 
materials

Fabrication methods Device outputs/ Reli-
ability

Applications References

Graphene, 
PDMS

CVD (chemical 
vapor deposition)

Voutput = 22 V
Jsc = 0.075 µA  cm−2

Copper and R2R process 
can be reused, environ-
mentally friendly

Graphene production 
industries

[89]

Ti, Kapton 
film, Al

Laser cutting method Voc = 342 V
Isc = 66 µA
Output power = 3.4 mW

Harvesting bidirectional 
energies, wireless 
sensors

[90]
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widely used for the fabrication of TE devices. However, the 
thermoelectric device performance is closely dependent in 
accordance with the thermoelectric figure of merit ZT where 
ZT = S2σ/ktotal; S denotes the Seebeck coefficient, σ symbol-
izes the electric conductivity, and ktotal refers to the total 
thermal conductivity [99]. In thermal energy scavenging, 
there can be four types of TE devices, which include the 
uncoupled thermal, thermoacoustic coupled, thermoelec-
tric coupled, and the thermal and optical coupled devices; 
these are based on different materials, techniques for their 
synthesis, and application requirements [100]. A schematic 
of the mechanism of a thermoelectric generator is shown in 
Fig. 7a, where p-type and n-type semiconducting materials 
create a junction between them. For thermoelectric power 

generation in thermocouples, charge carriers are transported 
through the junction due to the temperature difference, ΔT 
(the Seebeck effect), which is the basic operational mode of 
thermoelectric nanogenerators [101]. High electrical con-
ductivity and Seebeck coefficient can extensively increase 
the ZT, which is a crucial issue for obtaining higher outputs 
during the thermoelectric process.

2D nanomaterials are considered to be attractive com-
pared to their bulk equivalent due to their density of states 
(DOS), which has an extensive correlation with the See-
beck coefficient, and can increase the device efficiency and 
ZT significantly [102]. A fabricated device is illustrated 
in Fig. 7b. The output thermoelectric coefficients depend 
on temperature as shown in Fig. 7c where it is found that 

Table 3  Comparative summary of reported work on piezoelectric energy harvesting including device structure, functional materials, fabrication 
techniques, device outputs, and applications

Device structure Fabrication Functional materials Outputs Applications References

  

Thermal 
evaporation

ZnO nanosheets Voutput = 0.44 V
Jsc = 6.5 µA  cm−2

Direct power genera-
tion

[93]

  

Beam evapo-
ration

ZnO nanosheets Voutput = 0.9 V
Jsc = 16.5 µA  cm−2

Power den-
sity = 600 nW  cm−2

Mechanical sensors, 
portable electronics

[94]

  

CVD MoS2 Voc = 15 mV
Isc = 20 pA
Power den-

sity = 2 mW  m−2

Efficiency = 5.08% 
(mechanical–electrical)

Nanodevices, bio-
probes, stretchable/
tunable electronics

[95]

  

Spray coating Graphene films Resistance recov-
ery = 0–50%

Gauge factor = 6.4 to 
12.06

Monitoring body 
movement and mus-
cle contracting

[97]

  

3D printing PTFE
PVDF

Output voltage = 12.1–
51.6 V, average 
power = 1.04 W

Bridging networks, 
powering portable 
electronic devices

[98]
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the peak value of α is found at 200 K. Figure 7d shows the 
effects of thickness on the thermoelectric coefficient, where 
it can be seen that the thermoelectric coefficient increases 
due to the film being made thinner and is larger than the 
material in a bulk state. Thin films give higher normal-
ized αpeak (peak value of the electrical conductivity) values 
[102].

Figure 7e is a schematic of a p–n junction-based thermo-
electric generator (TEG), which is fabricated with RF (radio 
frequency) magnetron sputtering of  MoS2 along with the 
 WS2 thin films on the surface of a glass substrate, wherein 
the p-type or else n-type planar-patterned p–n junction is 
placed to the hot side of the device and the electrodes are 
at the cold side [103]. A clearer view of the  MoS2 and  WS2 
films and the p–n junction of the fabricated TEG device 
are illustrated in Fig. 7f, which shows that the electrodes 
are contacted with planar legs. The current–voltage (I–V) 
characteristic curve behavior of the  MoS2- and  WS2-based 
TEG at room temperature, with an inset showing a schematic 
arrangement for measurement, are presented in Fig. 7g, h, 
respectively, displaying the start of increasing current at the 
turn-on voltage (Von) of 0.2 V. In addition, the power factor 
of the  MoS2-based TEG is shown in Fig. 7i from where the 
highest calculated power factor is 1.15 ×  10–3 W  m−1  K−2 
and is achieved at 370 K [103].

For fabricating TEG devices, various techniques are being 
developed according to the materials being used and the 
desired sector of applications. A physical vapor deposition 
(PVD) process with a roll-to-roll (R2R) process for high-
throughput fabrication of  Bi2Te3-/GeTe-based flexible TEGs 
has been investigated for thermoelectric power generation 
[104]. The R2R setup of the manufacturing method is rep-
resented in Fig. 7j, where the flexible substrate passes from 
an unwound spool to a rewound spool through the deposi-
tion area of the coating drum. The voltage output of each 
thermoelectric couples of the  Bi2Te3/GeTe, along with the 
Seebeck coefficient per each couple, leads to a value of 
140 ± 1 μV  K−1, as illustrated in Fig. 7k [104]. The inset 
shows a schematic of the device. Figure 7l provides meas-
urements of the resistance and power with the changing tem-
perature of the generator, which indicates that the output 
power improves by the elevation of temperature difference.

A sandwich structure of a graphene van der Waals hetero-
structure with multilayer transition metal dichalcogenides 
fabricated between graphene electrodes could scavenge 
waste heat at an efficiency of 7–8% at 400 K [105]. The 

extremely low cross-plane thermal conductance of 2D nano-
materials and thermionic emissions beyond the Schottky 
barrier (SB) between graphene and other 2D nanomaterials 
have led to the device showing greater performance than 
traditional TEG devices [105]. A self-powered device was 
fabricated with graphene-eco flex nanocomposite, operating 
based on the photo-thermoelectric (PTE) effect that com-
bines photo-thermal (light to heat) and the thermoelectric 
(heat to electrical) effect simultaneously, which provides 
a power density of 36.1 mW  cm−2 and excellent stability 
[106]. It is a highly convenient way to use graphene as a 
conducting filler in graphene–polymer-based strain sensors 
because of their excellent electron-transport property, and 
the TEG device facilitates strain measurements without any 
external power supply while also not harming environment. 
To increase the figure of merit (ZT) of the thermoelectric, 
materials undergo modification such as chemical modifi-
cation, reducing thickness, defect engineering, and strain 
engineering for effective power generation through thermo-
electric devices [101]. The reported work on thermoelectric 
power generation with device structure, functional materials, 
fabrication process, outputs, and applications of the thermo-
electric devices is summarized in Table 4.

3.5  Pyroelectric Power Generation

Pyroelectric power generation is another way of utilizing 
waste heat energy by exploiting the pyroelectric effect. 
The main difference between the thermoelectric and pyro-
electric process is that temperature gradients are used for 
the thermoelectric process; a fluctuation of temperature is 
required for pyroelectric materials [107]. When a pyroelec-
tric is heated, the polarization of the material decreases as 
dipoles lose their orientation, thereby creating free charges 
on the electrode interface. When the pyroelectric device is 
under an open-circuit condition, the charges remain on the 
interfaces to create an electric field. On applying a short 
circuit or electrical load, the charges are able to flow in an 
external circuit to create a current. Similarly, during cool-
ing, the polarization of the material increases, and charges 
flow in the opposite direction [108]. The main advantage is 
that the thermoelectric materials can operate with large ther-
modynamic efficiency without any requirement of a large 
heat sink as used in the thermoelectric process to achieve 
a high-temperature gradient [109]. The performance of 
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pyroelectric nanogenerator, figure-of-merit (FE) is symbol-
ized as, FE = p2ΔT/CEƐ33; here, p denotes the pyroelectric 
coefficient of materials, ΔT indicates the increment of tem-
perature, CE refers to the heat capacity specified by volume, 
and Ɛ33 denotes the permittivity [110].

2D nanomaterials are materials of interest because they 
can exhibit a change in polarization under external tempera-
ture changes or mechanical forces. Considering that all the 
pyroelectric materials are also piezoelectric, they have the 
potential to be used for thermal and mechanical scaveng-
ing [108]. The atomically thin 2D nanomaterials, such as 
thin films, can extend the pyroelectric output because of 
their extremely low thickness by increasing the rate of tem-
perature change and temperature difference. A hybrid nano-
generator is fabricated that performs both piezoelectric and 

pyroelectric power generation with solar power conversion, 
which increases the output significantly [111]. Thus, the 
materials can be used to fabricate multi-functional devices 
for use for a range of possible sources of non-conventional 
energies.

A pyroelectric energy scavenging device is shown in 
Fig. 8a, which is fabricated with a relaxor ferroelectric thin 
film and operated using a pyroelectric Ericsson cycle with 
a high energy density of 1.06 J  cm−3, a power density of 
526 W  cm−3, and high efficiency of 19% of Carnot [112]. 
The output power density and scaled efficiency are presented 
in Fig. 8b, c, with the function of frequency that shows the 
highest power density of 526 W  cm−3 at a temperature of 
56 K, along with the frequency of 1000 Hz, and the largest 
scaled efficiency of 19% at a temperature 10 K, along with 

Table 4  Comparative summary of reported work on thermoelectric energy scavenging including device structure, functional materials, fabrica-
tion techniques, and device outputs

Device structure Functional 
materials

Fabrication meth-
ods

Device outputs/ reliability Applications References

FeSe film EDL (electron 
double layer) laser 
cutting

Power Fac-
tor = 260 μW  cm−1  K−2

Superconductive in ultra-
thin stage

To develop new 
research on 2D 
nanomaterials for 
multi-functionality

[102]

MoS2 film
WS2 film

Shadow masking Thermoelectric figure of 
merit = 1.98

Seebeck coeffi-
cient = 466.34 µV  K−1

Moderate waste heat 
harvesting

[103]

Graphene
TMDs

- Waste heat harvesting effi-
ciencies 7–8% at 400 K, 
and up to 20% at 500 K

Harvesting waste heat [105]

Graphene 
polymer

Vacuum filtration Power den-
sity = 36.1 mW  cm−2, 
strain sensitivity = − 0.056 
In(nA)/%,

Sensing resolution = 0.5%, 
response and recovery 
time = 0.6 s

Implantable health 
monitoring devices, 
smart wearable 
devices

[106]
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the frequency of 40 Hz. Figure 8d is a comparison between 
the energy and the power density of this proposed generator 
with prior work, which indicates that an improved pyroelec-
tric coefficient is obtained by providing better power and 
energy density. Figure 8e presents the effect of applying an 
external sinusoidal current to the device that heats the het-
erojunction via Joule heating where the red and blue lines 
denote the heating and temperature of the heterostructure. 
Figure 8f depicts the applied periodic electric field E(t) that 
triggers the isothermal polarization and depolarization when 
the temperature gets to its extrema. The change of polariza-
tion ΔP(t) (orange line) is obtained by integrating the total 
background pyroelectric and dielectric (blue spikes) current 
with varying temperatures and electric field, as shown in 
Fig. 8g [112].

A graphene bolometer has been fabricated using a  LiNbO3 
pyroelectric substrate with a graphene channel and floating 
gate, as illustrated in Fig. 8h, for the detection of thermal 
infrared (IR) radiation level at room temperature [113]. Fig-
ure 8i represents the circuit diagram of the fabricated device 
which has two terminals and changes the resistance accord-
ing to the temperature. The total current flowing through the 
probe during a complete temperature-ramp cycle is depend-
ent on the pad area (PA), as shown in Fig. 8j, which indicates 
that small pixels of dense arrays can provide elevated device 
efficiency. An increase in the cryogenic light detection effi-
ciency is achieved by integrating the photoelectric effect 
with the pyroelectric effect based on a unique SnS/CdS 
heterojunction photodetector. The device structure is illus-
trated in Fig. 8k [114]. For evaluating the fabricated device, 
a responsivity of 10.4 mA  W−1 along with the detectivity of 
3.56 ×  1011 Jones at 130 K is achieved, as shown in Fig. 8l, 
which indicates elevated device performance, especially at 
low temperatures. The response time of the photoelectric 
and pyroelectric effect is illustrated in Fig. 8m, which indi-
cates that the device also has a short response time with a 
high output current.

A sunlight-triggered pyroelectric nanogenerator 
(S-PENG) has been fabricated when a reduced graphene 
oxide (rGO) and polyethyleneimine (PEI) layer are depos-
ited on a polarized polyvinylidene fluoride (PVDF) film as 
formed in a sandwiched architecture with Ag electrodes. The 
maximum output power from the device is 21.3 mW  m−2 
that can power a fitness monitoring electronic device [115]. 
There are some limitations, such as low efficiency because 
of synchronized electron extraction at a low frequency of 

operation, especially when compared to other effective har-
vesting energies such as higher frequency mechanical har-
vesters and photovoltaic cells, and they are bulky in size 
[111, 115]. However, pyroelectric devices can be used as a 
solid-state cooler as the applied field can cause the dipoles 
to regain their initial states. In addition, the pyroelectric 
nanogenerator is capable of hybridizing with other power 
generation techniques, such as piezoelectric or solar power 
to utilize mechanical and solar power along with the waste 
heat harvesting from ambient surroundings with a single 
device [111]. The device structure with fabrication methods 
and functional materials with the output and applications of 
the reported fabricated devices is summarized in Table 5.

3.6  Osmotic Power Generation

Other forms of energy such as chemical energy can be har-
vested through techniques such as osmotic power generation, 
fuel cells, and zinc-/lithium-ion batteries to obtain electrical 
energy using 2D nanomaterials [116, 117]. Among these 
methodologies, in this review osmotic power generation will 
now be summarized. Osmotic power generation, also known 
as blue energy, refers to a promising technique where a dif-
ferent osmotic pressure between saltwater and freshwater is 
used to generate electrical power by a reverse electrodialysis 
(RED) process [118]. When an electrolyte is pushed through 
narrow pores with the applied osmotic pressure generated 
due to a pressure gradient [119] or salt concentration gradi-
ent [120], an electrolytic potential is produced. 2D nano-
materials are more favorable for such applications as they 
are atomically thin and have good electrochemical proper-
ties such as higher ion transportation rate and better cation 
selectivity for osmotic power generation [121]. Due to the 
chemical reaction generating power, the surface area and 
surface activity of 2D nanomaterials play an important role 
in osmotic power generation.

An osmotic power generator is introduced, where two res-
ervoirs with a different concentration of potassium chloride 
(KCl) are separated with a  MoS2 membrane with nanopores, 
as illustrated in Fig. 9a [122]. The upper part of Fig. 9b is a 
simulation of the molecular-dynamics describing the move-
ment of ions within the nanopore in the analyte. The lower 
graph represents the concentration of ions with its distance 
from the core of the nanopore. The diameter of this nanopore 
is varied 2-25 nm in the investigation. Figure 9c is the TEM 
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image of the membrane, a pore in the middle indicating a 
pore size of ~ 5 nm. Figure 9d presents the voltage and cur-
rent of the membrane at different diameters at a fixed con-
centration of 1 M KCl. It is observed that saturated conduct-
ance is found at lower concentrations, but with increasing 
concentration, the conductance is increased. The osmotic 
power generation according to the pore size is illustrated 
in Fig. 9e, where it can be seen that the membranes with 
smaller pores are more efficient due to greater ion selectivity.

An MXene-based nanofiber composite membrane for 
osmotic energy scavenging has been demonstrated, which 
can increase the output by utilizing the space charge of the 
nanofiber for improved ion diffusion and better energy con-
version [13]. Using both river water and seawater, the gen-
erator can provide a power density of 4.1  Wm−2. Figure 9f 
is a schematic drawing of the device configuration for deter-
mining the transmembrane ion transfer. The relationship 
between the conductance and the concentration of potas-
sium chloride (KCl) in the analyte is illustrated in Fig. 9g, 
where decreasing the concentration is liable for reduced con-
ductance. The simulated ion transfer is shown in the inset. 
For utilizing the converted energy in practical applications, 
the complete circuit diagram with the load and generator is 
presented in Fig. 9h, and the effect of resistance to the load 
circuit on power and current density is depicted in Fig. 9i 
indicating a lower current density with higher resistance 
since the resistance is restricting current flow. At a low load 
resistance, the current is high, but the voltage is low; there-
fore, there is an optimum where both voltage (V) and current 
(I) are sufficiently large to create a maximum power (P), 
since P = VI. With an increasing weight of ANF (aramid 
nanofiber), the power density becomes a maximum at 11% 
(wt%) and then decreases again, and the relation is shown in 
Fig. 9j. This is due to the interaction of ANF that extends the 
space between the flakes, which leads to an increase in ion 
flux through the nanochannel. Figure 9k shows the effect of 
the weight ratio of ANF on overall energy scavenging effi-
ciency, where the efficiency is decreased with a high amount 
of ANF due to the blocking capability of ANF in the 2D 
channel. The major challenges in osmotic power generation 
are the selectiveness of ions and to maintain appropriate 
concentration gradients [122]. This method can be highly 
productive because of the abundant availability of seawater 
and more comprehensive research is required to establish 
a highly efficient osmotic power generation plant, and 2D 
materials can play a significant role in this area.

3.7  2D Nanomaterial‑Based Self‑Charging 
Supercapacitors

Conventional energy systems are lacking in the case of 
continuous supply networks or recharging batteries and 
capacitors frequently. This can cause problems, such as a 
discontinuous power supply, because of their dependency 
on charging batteries and capacitors with external sources, 
which can be difficult in bad weather conditions or during 
mass natural disasters. These problems can be overcome by 
using a nanogenerator-based energy harvester with inbuilt 
energy storage systems. The self-charging supercapacitor 
power cell (SCSPC) can harvest a range of possible types of 
sustainable energy resources to recharge themselves with-
out any external power supply. 2D nanomaterial-based self-
charging supercapacitors based on different architectures of 
separators and electrolytes include electrospun nanofibrous 
piezoelectric separator including an ion gel electrolyte [123], 
two graphene sheets creating a sandwiched structure con-
taining porous PVDF-based ionic liquids inside [124], and 
symmetric electrodes with a piezo-electrolyte [125]. The 
self-charging mechanism lies in the piezo-electrochemical 
conversion process, which can be understood with piezo-
electrochemical spectroscopic measurements [127]. The 
introduction of the self-charging mechanism has led to the 
fabrication of a self-chargeable flexible solid-state superca-
pacitor (FSSSC) [128], a self-charging sodium-ion battery 
[129], and a highly stretchable self-chargeable supercapaci-
tor [130], which facilitates opportunities to develop wearable 
and flexible electronic devices that can be charged without 
any external power sources. Recent developments in self-
charging supercapacitor-based power cells have proven to 
be more effective in finding a higher charging voltage, such 
as a porous PVDF device with a specific device capacitance 
of 31.63 mF  cm−2 [124]. A  MoSe2 solid-state supercapacitor 
based on the electrospun nanofibrous piezoelectric separator 
and ionogel electrolyte provides a self-charging voltage up 
to 708 mV, with a power density of 268.91 µW  cm−2 [123]. 
Recently, a novel flexible solid-state self-charging superca-
pacitor has been fabricated with Co-doped  Fe2O3 grown on 
the activated carbon cloth (Co-Fe2O3@ACC) and  BaTiO3 
piezoelectric particles mixed with a solid electrolyte sys-
tem poly(vinyl alcohol) (PVA) complexed with potassium 
chloride (KCl) (PVA-KCl-BaTiO3) as symmetric electrodes 
and electrolyte, respectively [125]. The fabricated device has 
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excellent flexibility and charging capability with significant 
electrochemical properties that can synchronously harvest 
and store energy. It can charge up to 120 mV by simple 
bending in 7 min at a low frequency of 1 Hz, which can be 
used in portable electronics applications.

A flexible graphene–Ag–graphene foam electrodes 
based self-charging supercapacitor have been fabricated 
as an energy harvesting and storage technology [126]. 
The graphene foam-based supercapacitor (GFSC) shows 
excellent electrochemical and super capacitance properties 
with a current density of 0.67 mA  cm−2 and capacitance of 
38 mF  cm−2. A schematic of the device is shown in Fig. 10a, 
where the graphene sheet, Ag layer, graphene foam, electro-
lyte, and separator are stacked on the substrate sequentially. 
The  H+ and  PO4

3− ions from  H3  PO4 are absorbed on the 
cathode and anode electrodes, respectively, during the charg-
ing steps, as shown in Fig. 10b. The adsorption of ions by 
the electrodes due to the electrostatic and Faradaic reaction 
results in the formation of an electrical double layer along 
the high surface area of graphene foam. The rate of adsorp-
tion increases because of the lower hydrophobicity of the 
high surface area of the graphene foam. Similarly, during the 
discharging stage, the ions move from the electrodes to the 
electrolyte due to the absence of an electric field. The cur-
rent density of the supercapacitor increased with an increas-
ing scan rate, as presented in Fig. 10c, which is important 
to analyze the predominant diffusion mechanism governing 
the reaction of ions from electrolytes to GFSC electrodes 
surface. The specific capacitance of the supercapacitor is 
shown in Fig. 10d, which is of interest in practical applica-
tions. The fabricated device has a specific capacitance of 
1.3 F at 1 MHz. The stability of the device is also high with 
68% retention after 25,000 charging/discharging cycles. In 
addition, the device was integrated with a photovoltaic cell 
to obtain a self-charging power pack and was used for con-
tinuous power supply to a wearable pH sensor [126].

Generally, the most widely studied self-charging super-
capacitors are based on piezoelectric conversion [123–125] 
where the piezo-electrochemical effect is used for the energy 
conversion. To investigate this mechanism, a piezoelectric-
based self-charging supercapacitor power cell (SCSPC) has 
been fabricated where siloxene sheets work as the electrodes 
and siloxene-based piezo fiber works as the separator that is 
immobilized with an ionogel electrolyte [127]. The measure-
ments are completed with the help of piezo-electrochemical 

spectroscopy (PESC) to directly probe the piezo-electro-
chemical effect of the siloxene SCSPC. The physical struc-
ture of the fabricated device is as in Fig. 10e in which the 
electrodes are made of siloxene-coated carbon cloth and 
ionogel-coated electrospun siloxene-PVDF piezo fiber as 
the separator. The working mechanism of the SCSPC can 
be explained through the piezo-electrochemical process at 
the interface of the siloxene electrodes and siloxene-PVDF 
piezo fiber, as shown from Fig. 10e–i. At the initial state, 
the electrolyte ions are homogeneously distributed into 
the whole space of the cell, as shown in Fig. 10e. When 
an external compressive force is applied, a positive and 
negative piezoelectric potential is generated by the electro-
lyte ions that will be accessed by the siloxene electrodes 
as displayed in Fig. 10f. This migration of charges at the 
electrodes increases the charge density near both electrodes 
and creates an electrical potential difference that leads the 
SCSPC to undergo a self-charging cycle, as demonstrated by 
Fig. 10g. During the self-charging process, the potential dif-
ference between the two electrodes will continue to increase 
(a certain level of charging voltage) as the migration of 
opposite charges will increase the charge density until the 
SCSPC eventually achieves a new chemical equilibrium. At 
the new equilibrium state, the allocation of electrolyte ions 
will equalize the generated piezoelectric field, leading to 
termination of the self-charging process. When the compres-
sive force is removed, as indicated by Fig. 10h, the piezo-
electric effect will disappear which leads to redistribution of 
the electrolyte ions as the device moves into an equilibrium 
state (Fig. 10i). At this stage, the device is in its initial state 
to start a new self-charging cycle. A maximum self-charging 
capacity of up to 207 mV is found for the device by applying 
various levels of compressive forces.

The integration of a hybrid nanogenerator (TENG and 
PENG) with a solid-state electrochromic supercapacitor has 
fabricated a device with an excellent efficiency to charge 
capacitors [131]. A schematic of the device is shown in 
Fig. 10j. The compact device is integrated with two com-
ponents, where the first component is a solid-state electro-
chromic micro-supercapacitor (µ-SCs) array based on sil-
ver nanowires/nickel oxide (AgNWs/NiO) active electrode 
materials at the upper part of the fabricated device. The 
second component is a hybrid nanogenerator containing a 
TENG based on Ag/PTFE/Ag (silver/polytetrafluoroethyl-
ene/silver) and a PENG based on IPO/P(VDF-TrFE)/silver 
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(indium tin oxide/ poly(vinylidene fluoride-co-trifluoroeth-
ylene)/silver), as shown in the figure to generate triboelec-
tric and piezoelectric power simultaneously. The generated 
output voltage and power are closely related to the external 
resistance as their relationship is shown in Fig. 10k. The 
output voltage decreases after a certain value of resistance 
that is close to a value of  107 Ω, due to impedance match-
ing, and the output power density reaches a maximum of 
0.8 W  m−2 at the resistance of  107 Ω. To charge the electro-
chromic µ-SCs, a rectifier bridge network is used, as shown 
in Fig. 10l. The fabricated device can also store charge 
having the maximum capacitance of 3.47 mF  cm−2 with 
the electrochromic µ-SC exploiting Ag nanowires/NiO as 
electrode materials. In addition, it has an excellent stability 
of 80.7% after 10,000 cyclic self-charging operations. This 
compact device can be further improved for applications in 
interactive display devices, touchscreen monitors, and elec-
tronic tagging systems.

4  Applications of 2D Nanomaterial‑Based 
Energy Scavenging Devices

The applications of 2D nanomaterial-based energy scaveng-
ing devices include versatile sectors such as nanosystems, 
wireless/self-powered sensors, and embedded self-powered 
devices that can be used in environmental monitoring [132], 
health technologies [133], industries [134], and human inter-
action with machines [135]. The discovery of 2D nanoma-
terials is enabling scientists to design miniaturized devices 
that are highly sensitive to small human or surrounding 
environmental signals. The ability to achieve a degree of 
autonomy and self-powered functionality provides greater 
opportunities for maintenance-free wireless operation, pro-
viding a greater degree of convenience as compared to con-
ventional powered devices. The hybridization of different 
energy scavenging systems with self-charging batteries or 
supercapacitors can reduce a dependency on conventional 
batteries and power sources drastically, especially for elec-
tronic devices running on low power.

A flexible ammonia sensor with high efficiency at room 
temperature was fabricated with Au-MoS2 to exploit the 
piezoelectric properties of a single-layer  MoS2 nanogenera-
tor (PENG), whose image is displayed in Fig. 11b [132]. The 
fabricated sensor generates electrical power by responding 

to human motion, through piezoelectric power generation. 
Figure 11a shows a visual image of monolayer  MoS2 film 
on the substrate. Figure 11c shows the internal structure of 
the fabricated device along with its double electrodes. A 
Raman spectrum of this fabricated device is presented in 
Fig. 11d, with two peaks with a difference of 20  cm−1 that 
confirms that the  MoS2 flake has a mono-layered structure. 
The resulting voltage and current are represented in Fig. 11e, 
with load resistance from 10 Ω to 30 MΩ along with a fixed 
strain of 0.36% at an active 0.5 Hz frequency. The generated 
power of the device according to an applied load resistance 
is plotted in Fig. 11f, where the maximum value of power is 
62.72 pW, when an external load of 8 MΩ is applied [132]. 
With further improvement, this sensor can be modified into 
a self-powered flexible gas sensing device in industrial sec-
tors as well as scavenging human motion, and it can supply 
electrical power to several numbers of wearable electronic 
devices.

The utilization of solar energy scavenging techniques 
using a PSC (perovskite solar cell)-oriented photo-recharge-
able lithium-ion capacitor for developing a self-powered 
strain sensor was fabricated with the capability of supply-
ing up to 3 V with an efficiency of 8.41% [136]. Figure 11g 
is an image of the photo-rechargeable hybrid capacitor with 
an applied bending force. Figure 11h shows the practical use 
in sensing human motion attached to clothing. Figure 11i 
shows the charging and discharging time of this capacitor, 
which takes 20 min to charge to 3 V and the same time for 
discharging, thereby indicating a stable energy harvesting 
operation. At different current densities, the capacitor takes a 
different time to fully discharge, which is shown in Fig. 11j. 
The overall efficiency and energy storage efficiency of the 
designed capacitor are presented in Fig. 11k, which indicates 
that the resulted efficiencies are stable over the cycles. The 
photovoltaic response of the fabricated device provides a 
high electrical potential of 3.95 V, along with a photoconver-
sion efficiency of 10.2% that leads to the dual functioning 
of light-harvesting and energy storage. A comparison of this 
device with different integrated systems based on an overall 
efficiency and voltage is represented in Fig. 11l, which indi-
cates the superior efficiency and power delivering capability 
of the device. The fabricated wearable strain sensor can offer 
accurate and uninterrupted data delivery from physiological 
signals without any extra power sources, which leads inter-
est in its use for developing smart sensor systems. Another 
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flexible strain sensor has been developed by integrating a 
graphene/eco flex film with a meandering zinc wire that can 
provide an electrical potential and a current of 0.83 V and 
75 µA, respectively [137]. The responsivity of the sensor is 
rapid without any need for an external power source, which 
can sense motion of a knee joint.

A graphene-based stretchable/wearable touch sensor pow-
ered by an inbuilt triboelectric nanogenerator (TENG) was 
investigated for perceiving its correlation with human skin 
motion, as illustrated in Fig. 12a. The bidirectional upper 
and lower electrodes with a dielectric layer in the auxetic 
form are located between them [138]. Figure 12b displays 
the physical shape of the device and after applying a tensile 
strain along x- and y-direction of the device at 13.7% and 
8.8%, respectively, under a stretching interval of 1%. The 
resulting related resistance, along with the voltage gener-
ated, from the device with changing stretchability, is shown 
in Figs. 12c, d, respectively. By analyzing both parameters, it 
is clear that the fabricated TENG exhibits promising stabil-
ity, with only a 1% deviation. This touch sensor can realize 
a simple touch, along with the velocity of touch sliding, and 
can show any character by using an actual trajectory mode 
in real time that can lead to developing smart input devices 
for communication systems.

A flexible  MoS2-incorporated chemical sensor array that 
uses the functionalization of an ionophore has been demon-
strated, which enables 29% elevated efficiency for label-free 
ion sensing [139]. Figure 12e shows a photograph of the 
chip, and Fig. 12f is an optical micrograph of the designed 
sensor on the PET substrate. The sensing performance, 
according to the changing  Cd+ ion concentration, is illus-
trated in Fig. 12g, which indicates that an increased current 
is generated due to the increased concentration as it changes 
the resistivity of the  MoS2 channel. The fabricated sensor 
device can detect  Hg2+ and  Na+ in samples, such as human 
sweat, enabling the opportunity for health or environmen-
tal monitoring sensor systems that can operate without any 
external power supply.

A new technique is implemented for fabricating a flex-
ible and wearable ethanol gas sensor fabricated with tita-
nium oxide  (TiO2) grafted on 2D titanium carbide (TiC) 
nanosheets [140]. With a small noise-to-signal ratio, this 
device enables extended selectivity and also has the oppor-
tunity of tuning the sensitivity and selectivity within an 
extremely short period of response time. Figure 12h shows 

a TEM image of titanium carbide nanosheets and associ-
ated SAED (selected area electron diffraction) patterns. The 
designed sensor is more sensitive and selective for ethanol 
gas compared with other gases, as illustrated in Fig. 12i. 
Figure 12j represents the reproducibility and response time 
over 10 cycles of the fabricated sensor. The fabricated device 
can be used as a low-cost strip sensor. A further improve-
ment can lead to playing a major role in printed electronic 
and biomedical applications for developing smart sensing 
technologies. A flexible pressure sensor has been developed 
using piezoresistive graphene/P(VDF-TrFE) heterostructure 
combining with an extreme responsivity of graphene and a 
superior deformity of the PDMS substrate, which exhibits 
excellent performance [141]. An additional pressure sen-
sor has also been fabricated with an MXene–textile network 
structure that extends the sensitivity up to 12.095  kPa−1 at 
29–40 kPa and 3.844  kPa−1, which is at a minimum 29 kPa, 
providing an excellent responsivity of 26 ms along with 
improved stability of 5600 cycles [142].

5  Conclusion and Future Aspects

From the initial discovery of 2D nanomaterials, research-
ers are continuing to deepen their understanding of these 
fascinating materials, improve their fabrication and integra-
tion into device architectures, and seeking new applications 
in our daily life from home to industry and from human 
health to electronic devices. The electrical, chemical, opti-
cal, and mechanical properties, of these intriguing materi-
als, are capable of further modification using a variety of 
approaches such as vacancy engineering, functionalization, 
surface defect engineering, doping with anions or cations, 
and hybridization for tunable capabilities of 2D nanomateri-
als. As a result, 2D nanomaterials have become an optimis-
tic option in fabricating wearable, flexible devices of small 
size for energy scavenging, and sensing applications where 
a small amount of power is sufficient for analyzing and pro-
cessing signals. While there are specific limitations, such as 
low power density and output, synthesis challenges, and high 
fabrication costs, 2D nanomaterials can play a significant 
role in future research to meet the future energy demand, 
if their synthesis and properties are optimized effectively.

Energy scavenging through the formation of 2D nano-
material-based nanogenerator devices is a new technology, 
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and the development of this field is rapid compared to other 
research areas. The future of this field ensure that nanoen-
ergy and nanosystems will become an important research 
field, aiming at the synthesis of new materials for effective 
device output and device stability. This field is of inter-
est for applications related to electronics to medical tech-
nology from simple chips to an industry-level application 
for various self-powered sensors. The recent and major 
achievement that leads nanogenerator is shown in Fig. 13. 
While the concept of piezoelectricity is well known, the 
first piezoelectric nanogenerator was proposed in 2006 
[143], but within a short time frame, it was successful to 
draw the attention of the scientific community globally. 
More research has been carried away to design flexible 
nanogenerators based on piezoelectric, triboelectric, ther-
moelectric, and pyroelectric effects for wearable and port-
able electronics for replacing conventional batteries. After 
the invention of the triboelectric nanogenerator (TENG) 
in 2012, there has been significant interest in using the 
approach for scavenging mechanical energies. The hybridi-
zation of mechanical, thermal, and solar energy [111] in 
2013, bidirectional energy harvesting TENG, and in vivo 

cardiac monitoring device based on TENG [144] in 2016 
opens up diverse application areas for the technology. The 
blue energy harvesting concept by TENG is another major 
milestone in 2017 for solving the energy crisis from the sea 
waves [146]. Most recently, a triboelectric nanogenerator 
based on an implantable symbiotic heart pacemaker device 
was fabricated in 2019, which demonstrated the capabil-
ity of nanogenerators in medical sectors [145]. In 2020, a 
human–machine interfacing tactile sensor has been fabri-
cated based on a triboelectric nanogenerator, which can be 
an excellent opportunity to develop artificial intelligence 
to upgrade it to the next level as nanogenerator makes the 
power supply network simpler to reduce the complication 
of the sensor devices implanted in robots [147]. Therefore, 
nanogenerator-based scavenging devices have attracted sig-
inficant attention and for the fabrication of nanodevices, 
and the importance of 2D nanomaterials will continue to 
increase in the coming future.

In this review, several types of 2D nanomaterials with 
unique properties have been described with the basic 
structure and approaches to improving the required prop-
erties by different techniques for energy scavenging. A 
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Scavenging bidirectional energies 
with single device [90]

In Vivo self-powered cardiac 
monitoring device [144]

Human machine interaction 
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Fig. 13  A brief timeline profile of major achievements in the field of nanogenerator research
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wide range of possible methods of energy scavenging 
are possible using these materials. This includes solar, 
mechanical, thermal, and chemical energy using 2D nano-
material-based PV cells, perovskite solar cells, water-split-
ting, triboelectric nanogenerators (TENG), piezoelectric 
nanogenerators (PENG), thermoelectric generators, pyro-
electric generators, and osmotic power generation. These 
approaches have been explained, along with their basic 
mechanism and device descriptions. In addition to per-
formance analysis, relevant modifications and extension 
of the devices are also discussed for achieving extended 
efficiency in energy scavenging. Finally, practical 2D 
nanomaterial-based energy scavenging devices for sensor 
design, nanosystems, and medical sciences are discussed. 
The major advantages of these devices are the opportu-
nity to make them self-powered, wireless signal providers, 
miniature in size, and compatible with the human body 
during their operation. In addition, hybridization of these 
devices can be used for multi-functional applications by 
reducing the complexity in nanosystems and providing 
networks with higher flexibility in operation.

In summary, the energy scavenging techniques based 
on 2D nanomaterials utilizing sustainable sources are con-
tinuing to develop. A number of new materials, after the 
discovery of graphene, are being synthesized and studied. 
An significant number of investigations are being carried 
out by scientists to introduce highly efficient harvesting 
mechanisms and fabrication processes of energy scav-
enging devices. The performance of devices continues to 
improve with new and more favorable materials with fas-
cinating properties and structures. However, further stud-
ies and investigations are needed on (i) the improvement of 
the performance and stable operation of these devices; (ii) 
the synthesis and fabrication techniques need to be more 
developed for practical applications; (iii) lowering the syn-
thesizing and fabrication cost; (iv) hybridizing more scav-
enging techniques with a single device; (v) further inves-
tigation on new 2D nanomaterials as they develop. There 
is potential for energy scavenging devices based on 2D to 
be a major portion of self-powered sensors, nanosystems, 
and human–machine interaction applications. The dream 
of producing larger-scale energy will be also possible with 
more dedicated research and technological advancement in 
the future, which will meet the world energy demand, while 
also powering low power electronics without harming the 
ecological balance and human health.

Acknowledgements This work was supported by the National 
Key R&D Project from Minister of Science and Technology in 
China (No. 2016YFA0202701), the University of Chinese Acad-
emy of Sciences (Grant No. Y8540XX2D2), the National Natural 
Science Foundation of China (No. 52072041), External Coop-
eration Program of BIC, Chinese Academy of Sciences (No. 
121411KYS820150028), the Chinese Government Scholarship, the 
2015 Annual Beijing Talents Fund (No. 2015000021223ZK32), 
and Qingdao National Laboratory for Marine Science and Technol-
ogy (No. 2017ASKJ01).

Open Access This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons licence, and 
indicate if changes were made. The images or other third party 
material in this article are included in the article’s Creative Com-
mons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Com-
mons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain 
permission directly from the copyright holder. To view a copy of 
this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.

References

 1. K.S. Novoselov, A.K. Geim, S.V. Morozov, D. Jiang, Y. 
Zhang et al., Electric field effect in atomically thin carbon 
films. Science 306(5696), 666–669 (2004). https ://doi.
org/10.1126/scien ce.11028 96

 2. S.Z. Butler, S.M. Hollen, L. Cao, Y. Cui, J.A. Gupta et al., 
Progress, challenges, and opportunities in two-dimensional 
materials beyond graphene. ACS Nano 7(4), 2898–2926 
(2013). https ://doi.org/10.1021/nn400 280c

 3. J. Hu, Z. Guo, P.E. Mcwilliams, J.E. Darges, D.L. Druffel 
et al., Band gap engineering in a 2D material for solar-to-
chemical energy conversion. Nano Lett. 16(1), 74–79 (2016). 
https ://doi.org/10.1021/acs.nanol ett.5b028 95

 4. J.C. Meyer, A.K. Geim, M.I. Katsnelson, K.S. Novoselov, 
T.J. Booth et al., The structure of suspended graphene sheets. 
Nature 446(7131), 60–63 (2007). https ://doi.org/10.1038/
natur e0554 5

 5. H. Tao, Q. Fan, T. Ma, S. Liu, H. Gysling et al., Two-dimen-
sional materials for energy conversion and storage. Prog. 
Mater. Sci. 111, 100637 (2020). https ://doi.org/10.1016/j.
pmats ci.2020.10063 7

 6. S.K. Behura, C. Wang, Y. Wen, V. Berry, Graphene–semi-
conductor heterojunction sheds light on emerging photo-
voltaics. Nat. Photonics 13(5), 312–318 (2019). https ://doi.
org/10.1038/s4156 6-019-0391-9

 7. W.F. Yang, F. Igbari, Y.H. Lou, Z.K. Wang, L.S. Liao, Tin 
halide perovskites: progress and challenges. Adv. Energy 
Mater. 10(13), 1902584 (2020). https ://doi.org/10.1002/
aenm.20190 2584

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1126/science.1102896
https://doi.org/10.1126/science.1102896
https://doi.org/10.1021/nn400280c
https://doi.org/10.1021/acs.nanolett.5b02895
https://doi.org/10.1038/nature05545
https://doi.org/10.1038/nature05545
https://doi.org/10.1016/j.pmatsci.2020.100637
https://doi.org/10.1016/j.pmatsci.2020.100637
https://doi.org/10.1038/s41566-019-0391-9
https://doi.org/10.1038/s41566-019-0391-9
https://doi.org/10.1002/aenm.201902584
https://doi.org/10.1002/aenm.201902584


 Nano-Micro Lett. (2021) 13:8282 Page 36 of 41

https://doi.org/10.1007/s40820-021-00603-9© The authors

 8. F. Zhao, Y. Feng, Y. Wang, X. Zhang, X. Liang et al., Two-
dimensional gersiloxenes with tunable bandgap for photo-
catalytic  H2 evolution and  CO2 photoreduction to CO. Nat. 
Commun. 11(1), 1443 (2020). https ://doi.org/10.1038/s4146 
7-020-15262 -4

 9. S.A. Han, J. Lee, J. Lin, S.W. Kim, J.H. Kim, Piezo/triboelec-
tric nanogenerators based on 2-dimensional layered struc-
ture materials. Nano Energy 57, 680–691 (2019). https ://doi.
org/10.1016/j.nanoe n.2018.12.081

 10. C. Cui, F. Xue, W.J. Hu, L.J. Li, Two-dimensional materials 
with piezoelectric and ferroelectric functionalities. npj 2D 
Mater. Appl. 2(1), 18 (2018). https ://doi.org/10.1038/s4169 
9-018-0063-5

 11. M.J. Lee, J.H. Ahn, J.H. Sung, H. Heo, S.G. Jeon et al., 
Thermoelectric materials by using two-dimensional materi-
als with negative correlation between electrical and thermal 
conductivity. Nat. Commun. 7(1), 12011 (2016). https ://doi.
org/10.1038/ncomm s1201 1

 12. D. Zabek, K. Seunarine, C. Spacie, C. Bowen, Graphene ink 
laminate structures on poly (vinylidene difluoride) (PVDF) 
for pyroelectric thermal energy harvesting and waste heat 
recovery. ACS Appl. Mater. Interfaces 9(10), 9161–9167 
(2017). https ://doi.org/10.1021/acsam i.6b164 77

 13. Z. Zhang, S. Yang, P. Zhang, J. Zhang, G. Chen et al., 
Mechanically strong MXene/Kevlar nanofiber composite 
membranes as high-performance nanofluidic osmotic power 
generators. Nat. Commun. 10(1), 2920 (2019). https ://doi.
org/10.1038/s4146 7-019-10885 -8

 14. G. Zhu, Z.H. Lin, Q. Jing, P. Bai, C. Pan et al., Toward 
large-scale energy harvesting by a nanoparticle-enhanced 
triboelectric nanogenerator. Nano Lett. 13(2), 847–853 
(2013). https ://doi.org/10.1021/nl400 1053

 15. Z.L. Wang, G. Zhu, Y. Yang, S. Wang, C. Pan, Progress 
in nanogenerators for portable electronics. Mater. Today 
15(12), 532–543 (2012). https ://doi.org/10.1016/S1369 
-7021(13)70011 -7

 16. R. Zhang, M. Hummelgård, J. Örtegren, M. Olsen, H. 
Andersson et al., Human body constituted triboelectric 
nanogenerators as energy harvesters, code transmitters, and 
motion sensors. ACS Appl. Energy Mater. 1(6), 2955–2960 
(2018). https ://doi.org/10.1021/acsae m.8b006 67

 17. E. Pomerantseva, Y. Gogotsi, Two-dimensional heterostruc-
tures for energy storage. Nat. Energy 2(7), 17089 (2017). 
https ://doi.org/10.1038/nener gy.2017.89

 18. H. Zhang, H.M. Cheng, P. Ye, 2D nanomaterials: beyond 
graphene and transition metal dichalcogenides. Chem. Soc. 
Rev. 47(16), 6009–6012 (2018). https ://doi.org/10.1039/
C8CS9 0084A 

 19. Y. Xue, Q. Zhang, W. Wang, H. Cao, Q. Yang et al., Open-
ing two-dimensional materials for energy conversion and 
storage: a concept. Adv. Energy Mater. 7(19), 1602684 
(2017). https ://doi.org/10.1002/aenm.20160 2684

 20. Z. Wang, N. Li, Z. Shi, Z. Gu, Low-cost and large-scale 
synthesis of graphene nanosheets by arc discharge in 
air. Nanotechnology 21(17), 175602 (2010). https ://doi.
org/10.1088/0957-4484/21/17/17560 2

 21. L. Grande, V.T. Chundi, D. Wei, C. Bower, P. Andrew 
et al., Graphene for energy harvesting/storage devices and 
printed electronics. Particuology 10(1), 1–8 (2012). https 
://doi.org/10.1016/j.parti c.2011.12.001

 22. C.X. Guo, G.H. Guai, C.M. Li, Graphene based materi-
als: enhancing solar energy harvesting. Adv. Energy Mater. 
1(3), 448–452 (2011). https ://doi.org/10.1002/aenm.20110 
0119

 23. Z. Wei, J. Yang, K. Bi, Y. Chen, Mode dependent lat-
tice thermal conductivity of single layer graphene. 
J. Appl. Phys. 116(15), 153503 (2014). https ://doi.
org/10.1063/1.48983 38

 24. L. Wang, I. Meric, P.Y. Huang, Q. Gao, Y. Gao et al., One-
dimensional electrical contact to a two-dimensional. Mater. 
Sci. 342(6158), 614 (2013). https ://doi.org/10.1126/scien 
ce.12443 58

 25. F. Bonaccorso, L. Colombo, G. Yu, M. Stoller, V. Tozzini 
et al., 2D materials. Graphene, related two-dimensional crys-
tals, and hybrid systems for energy conversion and storage. 
Science 347(6217), 1246501 (2015). https ://doi.org/10.1126/
scien ce.12465 01

 26. V. Bhavanasi, V. Kumar, K. Parida, J. Wang, P.S. Lee, 
Enhanced piezoelectric energy harvesting performance of 
flexible PVDF-TrFE bilayer films with graphene oxide. ACS 
Appl. Mater. Interfaces 8(1), 521–529 (2016). https ://doi.
org/10.1021/acsam i.5b095 02

 27. M. Engel, D.B. Farmer, J.T. Azpiroz, J.T. Seo, J. Kang 
et al., Graphene-enabled and directed nanomaterial place-
ment from solution for large-scale device integration. Nat. 
Commun. 9(1), 4095 (2018). https ://doi.org/10.1038/s4146 
7-018-06604 -4

 28. W. Kong, H. Kum, S.H. Bae, J. Shim, H. Kim et al., Path 
towards graphene commercialization from lab to market. 
Nat. Nanotechnol. 14(10), 927–938 (2019). https ://doi.
org/10.1038/s4156 5-019-0555-2

 29. M. Chhowalla, H.S. Shin, G. Eda, L.J. Li, K.P. Loh et al., 
The chemistry of two-dimensional layered transition metal 
dichalcogenide nanosheets. Nat. Chem. 5(4), 263–275 
(2013). https ://doi.org/10.1038/nchem .1589

 30. H. Huang, Y. Cui, Q. Li, C. Dun, W. Zhou et al., Metal-
lic 1T phase  MoS2 nanosheets for high-performance ther-
moelectric energy harvesting. Nano Energy 26, 172–179 
(2016). https ://doi.org/10.1016/j.nanoe n.2016.05.022

 31. J.A. Wilson, A.D. Yoffe, The transition metal dichalcoge-
nides discussion and interpretation of the observed opti-
cal, electrical and structural properties. Adv. Phys. 18(73), 
193–335 (1969). https ://doi.org/10.1080/00018 73690 01013 
07

 32. S. Manzeli, D. Ovchinnikov, D. Pasquier, O.V. Yazyev, A. 
Kis, 2D transition metal dichalcogenides. Nat. Rev. Mater. 
2(8), 17033 (2017). https ://doi.org/10.1038/natre vmats 
.2017.33

 33. M. Ahmadi, O. Zabihi, S. Jeon, M. Yoonessi, A. Dasari, 2d 
Transition metal dichalcogenide nanomaterials: advances, 
opportunities, and challenges in multi-functional polymer 

https://doi.org/10.1038/s41467-020-15262-4
https://doi.org/10.1038/s41467-020-15262-4
https://doi.org/10.1016/j.nanoen.2018.12.081
https://doi.org/10.1016/j.nanoen.2018.12.081
https://doi.org/10.1038/s41699-018-0063-5
https://doi.org/10.1038/s41699-018-0063-5
https://doi.org/10.1038/ncomms12011
https://doi.org/10.1038/ncomms12011
https://doi.org/10.1021/acsami.6b16477
https://doi.org/10.1038/s41467-019-10885-8
https://doi.org/10.1038/s41467-019-10885-8
https://doi.org/10.1021/nl4001053
https://doi.org/10.1016/S1369-7021(13)70011-7
https://doi.org/10.1016/S1369-7021(13)70011-7
https://doi.org/10.1021/acsaem.8b00667
https://doi.org/10.1038/nenergy.2017.89
https://doi.org/10.1039/C8CS90084A
https://doi.org/10.1039/C8CS90084A
https://doi.org/10.1002/aenm.201602684
https://doi.org/10.1088/0957-4484/21/17/175602
https://doi.org/10.1088/0957-4484/21/17/175602
https://doi.org/10.1016/j.partic.2011.12.001
https://doi.org/10.1016/j.partic.2011.12.001
https://doi.org/10.1002/aenm.201100119
https://doi.org/10.1002/aenm.201100119
https://doi.org/10.1063/1.4898338
https://doi.org/10.1063/1.4898338
https://doi.org/10.1126/science.1244358
https://doi.org/10.1126/science.1244358
https://doi.org/10.1126/science.1246501
https://doi.org/10.1126/science.1246501
https://doi.org/10.1021/acsami.5b09502
https://doi.org/10.1021/acsami.5b09502
https://doi.org/10.1038/s41467-018-06604-4
https://doi.org/10.1038/s41467-018-06604-4
https://doi.org/10.1038/s41565-019-0555-2
https://doi.org/10.1038/s41565-019-0555-2
https://doi.org/10.1038/nchem.1589
https://doi.org/10.1016/j.nanoen.2016.05.022
https://doi.org/10.1080/00018736900101307
https://doi.org/10.1080/00018736900101307
https://doi.org/10.1038/natrevmats.2017.33
https://doi.org/10.1038/natrevmats.2017.33


Nano-Micro Lett. (2021) 13:82 Page 37 of 41 82

1 3

nanocomposites. J. Mater. Chem. A 8(3), 845–883 (2020). 
https ://doi.org/10.1039/C9TA1 0130F 

 34. L. Yangi, Y. Li, Y. Pei, J. Wang, H. Lin et al., A novel 2d per-
ovskite as surface “patches” for efficient flexible perovskite 
solar cells. J. Mater. Chem. A 8(16), 7808–7818 (2020). https 
://doi.org/10.1039/C9TA1 3719J 

 35. P. Li, Y. Chen, T. Yang, Z. Wang, H. Lin et al., Two-dimen-
sional  CH3NH3PbI3 perovskite nanosheets for ultrafast pulsed 
fiber lasers. ACS Appl. Mater. Interfaces 9(14), 12759–12765 
(2017). https ://doi.org/10.1021/acsam i.7b017 09

 36. J. Liu, Y. Xue, Z. Wang, Z.Q. Xu, C. Zheng et al., Two-
dimensional  CH3NH3PbI3 perovskite: synthesis and optoelec-
tronic application. ACS Nano 10(3), 3536–3542 (2016). https 
://doi.org/10.1021/acsna no.5b077 91

 37. J. Zhang, X. Zhu, M. Wang, B. Hu, Establishing charge-
transfer excitons in 2D perovskite heterostructures. Nat. 
Commun. 11(1), 2618 (2020). https ://doi.org/10.1038/s4146 
7-020-16415 -1

 38. V. Ramalingam, P. Varadhan, H.C. Fu, H. Kim, D. Zhang 
et al., Heteroatom-mediated interactions between ruthenium 
single atoms and an MXene support for efficient hydrogen 
evolution. Adv. Mater. 31(48), e1903841 (2019). https ://doi.
org/10.1002/adma.20190 3841

 39. J. Pang, R.G. Mendes, A. Bachmatiuk, L. Zhao, H.Q. Ta 
et al., Applications of 2D MXenes in energy conversion and 
storage systems. Chem. Soc. Rev. 48(1), 72–133 (2019). https 
://doi.org/10.1039/C8CS0 0324F 

 40. M.S. Cao, Y.Z. Cai, P. He, J.C. Shu, W.Q. Cao et al., 2D 
MXenes: electromagnetic property for microwave absorp-
tion and electromagnetic interference shielding. Chem. 
Eng. J. 359, 1265–1302 (2019). https ://doi.org/10.1016/j.
cej.2018.11.051

 41. H. Yu, Y. Wang, Y. Jing, J. Ma, C.F. Du et al., Surface 
modified MXene-based nanocomposites for electrochemi-
cal energy conversion and storage. Small 15(25), e1901503 
(2019). https ://doi.org/10.1002/smll.20190 1503

 42. D. Zhu, M. Qiao, J. Liu, T. Tao, C. Guo, Engineering pris-
tine 2d metal–organic framework nanosheets for electroca-
talysis. J. Mater. Chem. A 8(17), 8143–8170 (2020). https 
://doi.org/10.1039/D0TA0 3138K 

 43. S. Jin, H.J. Son, O.K. Farha, G.P. Wiederrecht, J.P. Hupp, 
Energy transfer from quantum dots to metal–organic frame-
works for enhanced light harvesting. J. Am. Chem. Soc. 
135(3), 955–958 (2013). https ://doi.org/10.1021/ja309 7114

 44. S. Dang, Q.L. Zhu, Q. Xu, Nanomaterials derived from 
metal–organic frameworks. Nat. Rev. Mater. 3(1), 17075 
(2018). https ://doi.org/10.1038/natre vmats .2017.75

 45. H. Li, J. Hou, T.D. Bennett, J. Liu, Y. Zhang, Templated 
growth of vertically aligned 2D metal–organic framework 
nanosheets. J. Mater. Chem. A 7(10), 5811–5818 (2019). 
https ://doi.org/10.1039/C8TA0 7234E 

 46. J.E. ten Elshof, H. Yuan, P. Gonzalez Rodriguez, Two-
dimensional metal oxide and metal hydroxide nanosheets: 
synthesis, controlled assembly and applications in energy 
conversion and storage. Adv. Energy Mater. 6(23), 1600355 
(2016). https ://doi.org/10.1002/aenm.20160 0355

 47. Y. Yang, Q. Liao, J. Qi, W. Guo, Y. Zhang, Synthesis and 
transverse electromechanical characterization of single 
crystalline ZnO nanoleaves. Phys. Chem. Chem. Phys. 
12(3), 552–555 (2010). https ://doi.org/10.1039/b9183 26d

 48. Y. Ma, B. Li, S. Yang, Ultrathin two-dimensional metallic 
nanomaterials. Mater. Chem. Front. 2(3), 456–467 (2018). 
https ://doi.org/10.1039/C7QM0 0548B 

 49. P. Xiong, B. Sun, N. Sakai, R. Ma, T. Sasaki et al., 2d super-
lattices for efficient energy storage and conversion. Adv. 
Mater. 32(18), 1902654 (2020). https ://doi.org/10.1002/
adma.20190 2654

 50. Y. Zhang, J. Mei, C. Yan, T. Liao, J. Bell et al., Bioin-
spired 2D nanomaterials for sustainable applications. Adv. 
Mater. 32(18), 1902806 (2020). https ://doi.org/10.1002/
adma.20190 2806

 51. O. MacLean, F. Rosei, Two-dimensional polymers grow up. 
Science 366(6471), 1308 (2019). https ://doi.org/10.1126/
scien ce.aaz93 26

 52. J. Xu, X. Chen, Y. Xu, Y. Du, C. Yan, Ultrathin 2D rare-
earth nanomaterials: compositions, syntheses, and appli-
cations. Adv. Mater. 32, e1806461 (2020). https ://doi.
org/10.1002/adma.20180 6461

 53. G. Guan, M.Y. Han, Functionalized hybridization of 2d 
nanomaterials. Adv. Sci. 6(23), 1901837 (2019). https ://
doi.org/10.1002/advs.20190 1837

 54. F. Bai, L. Xu, X. Zhai, X. Chen, W. Yang, Vacancy in 
ultrathin 2d nanomaterials toward sustainable energy appli-
cation. Adv. Energy Mater. 10(11), 1902107 (2020). https ://
doi.org/10.1002/aenm.20190 2107

 55. J. Xiong, J. Di, J. Xia, W. Zhu, H. Li, Surface defect engineer-
ing in 2d nanomaterials for photocatalysis. Adv. Funct. Mater. 
28(39), 1801983 (2018). https ://doi.org/10.1002/adfm.20180 
1983

 56. J. Kang, H. Sahin, F.M. Peeters, Tuning carrier confinement 
in the  MoS2/WS2 lateral heterostructure. J. Phys. Chem. C 
119(17), 9580–9586 (2015). https ://doi.org/10.1021/acs.
jpcc.5b008 14

 57. F. Feng, J. Wu, C. Wu, Y. Xie, Regulating the electrical 
behaviors of 2D inorganic nanomaterials for energy applica-
tions. Small 11(6), 654–666 (2015). https ://doi.org/10.1002/
smll.20140 2346

 58. F. Purcell-Milton, R. McKenna, L.J. Brennan, C.P. Cullen, 
L. Guillemeney et al., Induction of chirality in two-dimen-
sional nanomaterials: chiral 2D  MoS2 nanostructures. ACS 
Nano 12(2), 954–964 (2018). https ://doi.org/10.1021/acsna 
no.7b066 91

 59. B. Shen, Y. Kim, M. Lee, Supramolecular chiral 2d materials 
and emerging functions. Adv. Mater. 32, 1905669 (2020). 
https ://doi.org/10.1002/adma.20190 5669

 60. Y. Yang, H. Zhang, R. Liu, X. Wen, T.C. Hou et al., Fully 
enclosed triboelectric nanogenerators for applications in 
water and harsh environments. Adv. Energy Mater. 3(12), 
1563–1568 (2013). https ://doi.org/10.1002/aenm.20130 0376

https://doi.org/10.1039/C9TA10130F
https://doi.org/10.1039/C9TA13719J
https://doi.org/10.1039/C9TA13719J
https://doi.org/10.1021/acsami.7b01709
https://doi.org/10.1021/acsnano.5b07791
https://doi.org/10.1021/acsnano.5b07791
https://doi.org/10.1038/s41467-020-16415-1
https://doi.org/10.1038/s41467-020-16415-1
https://doi.org/10.1002/adma.201903841
https://doi.org/10.1002/adma.201903841
https://doi.org/10.1039/C8CS00324F
https://doi.org/10.1039/C8CS00324F
https://doi.org/10.1016/j.cej.2018.11.051
https://doi.org/10.1016/j.cej.2018.11.051
https://doi.org/10.1002/smll.201901503
https://doi.org/10.1039/D0TA03138K
https://doi.org/10.1039/D0TA03138K
https://doi.org/10.1021/ja3097114
https://doi.org/10.1038/natrevmats.2017.75
https://doi.org/10.1039/C8TA07234E
https://doi.org/10.1002/aenm.201600355
https://doi.org/10.1039/b918326d
https://doi.org/10.1039/C7QM00548B
https://doi.org/10.1002/adma.201902654
https://doi.org/10.1002/adma.201902654
https://doi.org/10.1002/adma.201902806
https://doi.org/10.1002/adma.201902806
https://doi.org/10.1126/science.aaz9326
https://doi.org/10.1126/science.aaz9326
https://doi.org/10.1002/adma.201806461
https://doi.org/10.1002/adma.201806461
https://doi.org/10.1002/advs.201901837
https://doi.org/10.1002/advs.201901837
https://doi.org/10.1002/aenm.201902107
https://doi.org/10.1002/aenm.201902107
https://doi.org/10.1002/adfm.201801983
https://doi.org/10.1002/adfm.201801983
https://doi.org/10.1021/acs.jpcc.5b00814
https://doi.org/10.1021/acs.jpcc.5b00814
https://doi.org/10.1002/smll.201402346
https://doi.org/10.1002/smll.201402346
https://doi.org/10.1021/acsnano.7b06691
https://doi.org/10.1021/acsnano.7b06691
https://doi.org/10.1002/adma.201905669
https://doi.org/10.1002/aenm.201300376


 Nano-Micro Lett. (2021) 13:8282 Page 38 of 41

https://doi.org/10.1007/s40820-021-00603-9© The authors

 61. X. Li, Z. Lv, H. Zhu, Carbon/silicon heterojunction solar 
cells: state of the art and prospects. Adv. Mater. 27(42), 
6549–6574 (2015). https ://doi.org/10.1002/adma.20150 2999

 62. G. Kalita, M. Dzulsyahmi Shaarin, B. Paudel, R. Mahya-
vanshi, M. Tanemura, Temperature dependent diode and 
photovoltaic characteristics of graphene-gan heterojunc-
tion. Appl. Phys. Lett. 111(1), 013504 (2017). https ://doi.
org/10.1063/1.49921 14

 63. J.H. Meng, X. Liu, X.W. Zhang, Y. Zhang, H.L. Wang et al., 
Interface engineering for highly efficient graphene-on-sili-
con Schottky junction solar cells by introducing a hexagonal 
boron nitride interlayer. Nano Energy 28, 44–50 (2016). https 
://doi.org/10.1016/j.nanoe n.2016.08.028

 64. W.K. Metzger, S. Grover, D. Lu, E. Colegrove, J. Moseley 
et al., Exceeding 20% efficiency with in situ group V dop-
ing in polycrystalline CdTe solar cells. Nat. Energy 4(10), 
837–845 (2019). https ://doi.org/10.1038/s4156 0-019-0446-7

 65. C. Ortiz-Cervantes, P. Carmona-Monroy, D. Solis-Ibarra, 
Two-dimensional halide perovskites in solar cells: 2D or not 
2D? Chemsuschem 12(8), 1560–1575 (2019). https ://doi.
org/10.1002/cssc.20180 2992

 66. J.W. Lee, Z. Dai, T.H. Han, C. Choi, S.Y. Chang et al., 2D 
perovskite stabilized phase-pure formamidinium perovskite 
solar cells. Nat. Commun. 9(1), 3021 (2018). https ://doi.
org/10.1038/s4146 7-018-05454 -4

 67. S. Yang, J. Cha, J.C. Kim, D. Lee, W. Huh et al., Mono-
lithic interface contact engineering to boost optoelectronic 
performances of 2d semiconductor photovoltaic hetero-
junctions. Nano Lett. 20(4), 2443–2451 (2020). https ://
doi.org/10.1021/acs.nanol ett.9b051 62

 68. R. Vinoth, S.G. Babu, V. Bharti, V. Gupta, M. Navaneethan 
et al., Ruthenium based metallopolymer grafted reduced 
graphene oxide as a new hybrid solar light harvester in 
polymer solar cells. Sci. Rep. 7(1), 43133 (2017). https ://
doi.org/10.1038/srep4 3133

 69. H. Kim, M. Pei, Y. Lee, A.A. Sutanto, S. Paek et al., Self-
crystallized multifunctional 2d perovskite for efficient and 
stable perovskite solar cells. Adv. Funct. Mater. 30(19), 
1910620 (2020). https ://doi.org/10.1002/adfm.20191 0620

 70. Best Research-Cell Efficiency Chart|Photovoltaic 
Research|NREL. https ://www.nrel.gov/pv/cell-effic iency 
.html. Accessed July 2020

 71. F. Zhang, K. Zhu, Additive engineering for efficient and 
stable perovskite solar cells. Adv. Energy Mater. 10(13), 
1902579 (2020). https ://doi.org/10.1002/aenm.20190 2579

 72. M.Z. Rahman, C.W. Kwong, K. Davey, S.Z. Qiao, 2d phos-
phorene as a water splitting photocatalyst: fundamentals to 
applications. Energy Environ. Sci. 9(3), 709–728 (2016). 
https ://doi.org/10.1039/C5EE0 3732H 

 73. L. Wang, Y. Zhang, L. Chen, H. Xu, Y. Xiong, 2D poly-
mers as emerging materials for photocatalytic overall water 
splitting. Adv. Mater. 30(48), e1801955 (2018). https ://doi.
org/10.1002/adma.20180 1955

 74. T. Butburee, Y. Bai, H. Wang, H. Chen, Z. Wang et al., 
2D porous  TiO2 single-crystalline nanostructure dem-
onstrating high photo-electrochemical water splitting 

performance. Adv. Mater. 30(21), e1705666 (2018). https 
://doi.org/10.1002/adma.20170 5666

 75. B. Zhang, Z. Wang, X. Peng, Z. Wang, L. Zhou et al., A 
novel route to manufacture 2D layer  MoS2 and g-C3N4 by 
atmospheric plasma with enhanced visible-light-driven 
photocatalysis. Nanomaterials 9(8), 1139 (2019). https ://
doi.org/10.3390/nano9 08113 9

 76. M. Faraji, M. Yousefi, S. Yousefzadeh, M. Zirak, N. Naseri 
et al., Two-dimensional materials in semiconductor photo-
electrocatalytic systems for water splitting. Energy Envi-
ronm. Sci. 12(1), 59–95 (2019). https ://doi.org/10.1039/
C8EE0 0886H 

 77. R.K. Yadav, J.O. Lee, A. Kumar, N.J. Park, D. Yadav et al., 
highly improved solar energy harvesting for fuel production 
from  CO2 by a newly designed graphene film photocatalyst. 
Sci. Rep. 8, 16741 (2018). https ://doi.org/10.1038/s4159 
8-018-35135 -7

 78. F.R. Fan, Z.Q. Tian, Z.L. Wang, Flexible triboelectric 
generator. Nano Energy 1(2), 328–334 (2012). https ://doi.
org/10.1016/j.nanoe n.2012.01.004

 79. M. Seol, S. Kim, Y. Cho, K.E. Byun, H. Kim et al., Tribo-
electric series of 2D layered materials. Adv. Mater. 30(39), 
1801210 (2018). https ://doi.org/10.1002/adma.20180 1210

 80. H. Liu, Y. Feng, J. Shao, Y. Chen, Z.L. Wang et al., Self-
cleaning triboelectric nanogenerator based on  TiO2 pho-
tocatalysis. Nano Energy 70, 104499 (2020). https ://doi.
org/10.1016/j.nanoe n.2020.10449 9

 81. H. Zou, Y. Zhang, L. Guo, P. Wang, X. He et al., Quantifying 
the triboelectric series. Nat. Commun. 10(1), 1427 (2019). 
https ://doi.org/10.1038/s4146 7-019-09461 -x

 82. Y. Wu, Y. Luo, J. Qu, W.A. Daoud, T. Qi, Liquid single-elec-
trode triboelectric nanogenerator based on graphene oxide 
dispersion for wearable electronics. Nano Energy 64, 103948 
(2019). https ://doi.org/10.1016/j.nanoe n.2019.10394 8

 83. Y. Guo, Y. Cao, Z. Chen, R. Li, W. Gong et al., Fluori-
nated metal–organic framework as bifunctional filler toward 
highly improving output performance of triboelectric nano-
generators. Nano Energy 70, 104517 (2020). https ://doi.
org/10.1016/j.nanoe n.2020.10451 7

 84. J. Liu, A. Goswami, K. Jiang, F. Khan, S. Kim et al., Direct-
current triboelectricity generation by a sliding Schottky 
nanocontact on  MoS2 multilayers. Nat. Nanotechnol. 13(2), 
112–116 (2018). https ://doi.org/10.1038/s4156 5-017-0019-5

 85. V.K. Mariappan, K. Krishnamoorthy, P. Pazhamalai, S. Nata-
rajan, S. Sahoo et al., Antimonene dendritic nanostructures: 
dual-functional material for high-performance energy stor-
age and harvesting devices. Nano Energy 77, 105248 (2020). 
https ://doi.org/10.1016/j.nanoe n.2020.10524 8

 86. N. Kaur, J. Bahadur, V. Panwar, P. Singh, K. Rathi, K. Pal, 
Effective energy harvesting from a single electrode based tri-
boelectric nanogenerator. Sci. Rep. 6(1), 38835 (2016). https 
://doi.org/10.1038/srep3 8835

 87. S. Jang, J.H. Oh, Rapid fabrication of microporous  BaTiO3/
PDMS nanocomposites for triboelectric nanogenerators 
through one-step microwave irradiation. Sci. Rep. 8(1), 
14287 (2018). https ://doi.org/10.1038/s4159 8-018-32609 -6

https://doi.org/10.1002/adma.201502999
https://doi.org/10.1063/1.4992114
https://doi.org/10.1063/1.4992114
https://doi.org/10.1016/j.nanoen.2016.08.028
https://doi.org/10.1016/j.nanoen.2016.08.028
https://doi.org/10.1038/s41560-019-0446-7
https://doi.org/10.1002/cssc.201802992
https://doi.org/10.1002/cssc.201802992
https://doi.org/10.1038/s41467-018-05454-4
https://doi.org/10.1038/s41467-018-05454-4
https://doi.org/10.1021/acs.nanolett.9b05162
https://doi.org/10.1021/acs.nanolett.9b05162
https://doi.org/10.1038/srep43133
https://doi.org/10.1038/srep43133
https://doi.org/10.1002/adfm.201910620
https://www.nrel.gov/pv/cell-efficiency.html
https://www.nrel.gov/pv/cell-efficiency.html
https://doi.org/10.1002/aenm.201902579
https://doi.org/10.1039/C5EE03732H
https://doi.org/10.1002/adma.201801955
https://doi.org/10.1002/adma.201801955
https://doi.org/10.1002/adma.201705666
https://doi.org/10.1002/adma.201705666
https://doi.org/10.3390/nano9081139
https://doi.org/10.3390/nano9081139
https://doi.org/10.1039/C8EE00886H
https://doi.org/10.1039/C8EE00886H
https://doi.org/10.1038/s41598-018-35135-7
https://doi.org/10.1038/s41598-018-35135-7
https://doi.org/10.1016/j.nanoen.2012.01.004
https://doi.org/10.1016/j.nanoen.2012.01.004
https://doi.org/10.1002/adma.201801210
https://doi.org/10.1016/j.nanoen.2020.104499
https://doi.org/10.1016/j.nanoen.2020.104499
https://doi.org/10.1038/s41467-019-09461-x
https://doi.org/10.1016/j.nanoen.2019.103948
https://doi.org/10.1016/j.nanoen.2020.104517
https://doi.org/10.1016/j.nanoen.2020.104517
https://doi.org/10.1038/s41565-017-0019-5
https://doi.org/10.1016/j.nanoen.2020.105248
https://doi.org/10.1038/srep38835
https://doi.org/10.1038/srep38835
https://doi.org/10.1038/s41598-018-32609-6


Nano-Micro Lett. (2021) 13:82 Page 39 of 41 82

1 3

 88. Y. Li, W. Zheng, H. Zhang, H. Wang, H. Cai et al., Elec-
tron transfer mechanism of graphene/Cu heterostructure for 
improving the stability of triboelectric nanogenerators. Nano 
Energy 70, 104540 (2020). https ://doi.org/10.1016/j.nanoe 
n.2020.10454 0

 89. B.N. Chandrashekar, B. Deng, A.S. Smitha, Y. Chen, C. 
Tan et al., Roll-to-roll green transfer of CVD graphene onto 
plastic for a transparent and flexible triboelectric nanogen-
erator. Adv. Mater. 27(35), 5210–5216 (2015). https ://doi.
org/10.1002/adma.20150 2560

 90. Z. Quan, C.B. Han, T. Jiang, Z.L. Wang, Robust thin films-
based triboelectric nanogenerator arrays for harvesting bidi-
rectional wind energy. Adv. Energy Mater. 6(5), 1501799 
(2016). https ://doi.org/10.1002/aenm.20150 1799

 91. K.A.N. Duerloo, M.T. Ong, E.J. Reed, Intrinsic piezoelectric-
ity in two-dimensional materials. J. Phys. Chem. Lett. 3(19), 
2871–2876 (2012). https ://doi.org/10.1021/jz301 2436

 92. C. Cui, F. Xue, W.J. Hu, L.J. Li, Two-dimensional materials 
with piezoelectric and ferroelectric functionalities. npj 2D 
Mater. Appl. 2(1), 24 (2018). https ://doi.org/10.1038/s4169 
9-018-0067-1

 93. K.H. Kim, B. Kumar, K.Y. Lee, H.K. Park, J.H. Lee et al., 
Piezoelectric two-dimensional nanosheets/anionic layer het-
erojunction for efficient direct current power generation. Sci. 
Rep. 3(1), 2017 (2013). https ://doi.org/10.1038/srep0 2017

 94. Y. Lee, S. Kim, D. Kim, C. Lee, H. Park et al., Direct-
current flexible piezoelectric nanogenerators based on 
two-dimensional ZnO nanosheet. Appl. Surface Sci. 
509, 145328 (2020). https ://doi.org/10.1016/j.apsus 
c.2020.14532 8

 95. W. Wu, L. Wang, Y. Li, F. Zhang, L. Lin et al., Piezoelectric-
ity of single-atomic-layer  MoS2 for energy conversion and 
piezotronics. Nature 514(7523), 470–474 (2014). https ://doi.
org/10.1038/natur e1379 2

 96. Y.M. You, W.Q. Liao, D. Zhao, H.Y. Ye, Y. Zhang et al., An 
organic-inorganic perovskite ferroelectric with large piezo-
electric response. Science 357(6348), 306–309 (2017). https 
://doi.org/10.1126/scien ce.aai85 35

 97. M. Bai, Y. Zhai, F. Liu, Y. Wang, S. Luo, Stretchable gra-
phene thin film enabled yarn sensors with tunable piezore-
sistivity for human motion monitoring. Sci. Rep. 9(1), 18644 
(2019). https ://doi.org/10.1038/s4159 8-019-55262 -z

 98. L. Bu, Z. Chen, Z. Chen, L. Qin, F. Yang et al., Impact 
induced compound method for triboelectric-piezoelectric 
hybrid nanogenerators to achieve watt level average power 
in low frequency rotations. Nano Energy 70, 104500 (2020). 
https ://doi.org/10.1016/j.nanoe n.2020.10450 0

 99. W. Kim, J. Zide, A. Gossard, D. Klenov, S. Stemmer et al., 
Thermal conductivity reduction and thermoelectric Fig. of 
merit increase by embedding nanoparticles in crystalline 
semiconductors. Phys. Rev. Lett. 96(4), 045901 (2006). https 
://doi.org/10.1103/PhysR evLet t.96.04590 1

 100. Y.T. Li, Y. Tian, M.X. Sun, T. Tu, Z.Y. Ju et al., Graphene-
based devices for thermal energy conversion and utiliza-
tion. Adv. Funct. Mater. 30(8), 1903888 (2020). https ://doi.
org/10.1002/adfm.20190 3888

 101. G. Zhang, Y.W. Zhang, Thermoelectric properties of two-
dimensional transition metal dichalcogenides. J. Mater. 
Chem. C 5(31), 7684–7698 (2017). https ://doi.org/10.1039/
C7TC0 1088E 

 102. S. Shimizu, J. Shiogai, N. Takemori, S. Sakai, H. Ikeda et al., 
Giant thermoelectric power factor in ultrathin FeSe super-
conductor. Nat. Commun. 10(1), 825 (2019). https ://doi.
org/10.1038/s4146 7-019-08784 -z

 103. G. Kogo, B. Xiao, S. Danquah, H. Lee, J. Niyogushima et al., 
A thin film efficient pn-junction thermoelectric device fab-
ricated by self-align shadow mask. Sci. Rep. 10(1), 1067 
(2020). https ://doi.org/10.1038/s4159 8-020-57991 -y

 104. K.A. Morgan, T. Tang, I. Zeimpekis, A. Ravagli, C. Craig 
et al., High-throughput physical vapour deposition flexible 
thermoelectric generators. Sci. Rep. 9(1), 4393 (2019). https 
://doi.org/10.1038/s4159 8-019-41000 -y

 105. S.J. Liang, B. Liu, W. Hu, K. Zhou, L.K. Ang, Thermionic 
energy conversion based on graphene van der Waals hetero-
structures. Sci. Rep. 7, 46211 (2017). https ://doi.org/10.1038/
srep4 6211

 106. D. Zhang, Y. Song, L. Ping, S. Xu, D. Yang et al., Photo-
thermoelectric effect induced electricity in stretchable 
graphene-polymer nanocomposites for ultrasensitive strain 
sensing. Nano Res. 12(12), 2982–2987 (2019). https ://doi.
org/10.1007/s1227 4-019-2541-2

 107. D. Guyomar, G. Sebald, Pyroelectric/electrocaloric energy 
scanvenging and cooling capabilities in ferroelectric materi-
als. Int. J. Appl. Electromagn. Mech. 31(1), 41–46 (2009). 
https ://doi.org/10.3233/JAE-2009-1045

 108. C.R. Bowen, J. Taylor, E. LeBoulbar, D. Zabek, A. Chauhanc 
et al., Pyroelectric materials and devices for energy harvest-
ing applications. Energy Environ. Sci. 7(12), 3836–3856 
(2014). https ://doi.org/10.1039/C4EE0 1759E 

 109. G. Cha, Y. Jia, Y.S. Ju, High-power density pyroelectric 
energy harvesters incorporating switchable liquid-based ther-
mal interfaces. IEEE 25th International Conference on Micro 
Electro Mechanical Systems (MEMS), IEEE (January 2012). 
https ://doi.org/10.1109/MEMSY S.2012.61704 14

 110. K. Zhang, Y. Wang, Z.L. WanG, Y. Yang, Standard and fig-
ure-of-merit for quantifying the performance of pyroelectric 
nanogenerators. Nano Energy 55, 534–540 (2019). https ://
doi.org/10.1016/j.nanoe n.2018.11.020

 111. Y. Yang, H. Zhang, G. Zhu, S. Lee, Z.H. Lin et al., Flexible 
hybrid energy cell for simultaneously harvesting thermal, 
mechanical, and solar energies. ACS Nano 7(1), 785–790 
(2013). https ://doi.org/10.1021/nn305 247x

 112. S. Pandya, J. Wilbur, J. Kim, R. Gao, A. Dasgupta et al., 
Pyroelectric energy conversion with large energy and power 
density in relaxor ferroelectric thin films. Nat. Mater. 17(5), 
432–438 (2018). https ://doi.org/10.1038/s4156 3-018-0059-8

 113. U. Sassi, R. Parret, S. Nanot, M. Bruna, S. Borini et al., 
Graphene-based mid-infrared room-temperature pyroelec-
tric bolometers with ultrahigh temperature coefficient of 
resistance. Nat. Commun. 8(1), 14311 (2017). https ://doi.
org/10.1038/ncomm s1431 1

https://doi.org/10.1016/j.nanoen.2020.104540
https://doi.org/10.1016/j.nanoen.2020.104540
https://doi.org/10.1002/adma.201502560
https://doi.org/10.1002/adma.201502560
https://doi.org/10.1002/aenm.201501799
https://doi.org/10.1021/jz3012436
https://doi.org/10.1038/s41699-018-0067-1
https://doi.org/10.1038/s41699-018-0067-1
https://doi.org/10.1038/srep02017
https://doi.org/10.1016/j.apsusc.2020.145328
https://doi.org/10.1016/j.apsusc.2020.145328
https://doi.org/10.1038/nature13792
https://doi.org/10.1038/nature13792
https://doi.org/10.1126/science.aai8535
https://doi.org/10.1126/science.aai8535
https://doi.org/10.1038/s41598-019-55262-z
https://doi.org/10.1016/j.nanoen.2020.104500
https://doi.org/10.1103/PhysRevLett.96.045901
https://doi.org/10.1103/PhysRevLett.96.045901
https://doi.org/10.1002/adfm.201903888
https://doi.org/10.1002/adfm.201903888
https://doi.org/10.1039/C7TC01088E
https://doi.org/10.1039/C7TC01088E
https://doi.org/10.1038/s41467-019-08784-z
https://doi.org/10.1038/s41467-019-08784-z
https://doi.org/10.1038/s41598-020-57991-y
https://doi.org/10.1038/s41598-019-41000-y
https://doi.org/10.1038/s41598-019-41000-y
https://doi.org/10.1038/srep46211
https://doi.org/10.1038/srep46211
https://doi.org/10.1007/s12274-019-2541-2
https://doi.org/10.1007/s12274-019-2541-2
https://doi.org/10.3233/JAE-2009-1045
https://doi.org/10.1039/C4EE01759E
https://doi.org/10.1109/MEMSYS.2012.6170414
https://doi.org/10.1016/j.nanoen.2018.11.020
https://doi.org/10.1016/j.nanoen.2018.11.020
https://doi.org/10.1021/nn305247x
https://doi.org/10.1038/s41563-018-0059-8
https://doi.org/10.1038/ncomms14311
https://doi.org/10.1038/ncomms14311


 Nano-Micro Lett. (2021) 13:8282 Page 40 of 41

https://doi.org/10.1007/s40820-021-00603-9© The authors

 114. Y. Chang, J.Y. Wang, F.L. Wu, W. Tian, W. Zhai, Structural 
design and pyroelectric property of SnS/CdS heterojunctions 
contrived for low-temperature visible photodetectors. Adv. 
Funct. Mater. 30, 2001450 (2020). https ://doi.org/10.1002/
adfm.20200 1450

 115. H. Li, C.S.L. Koh, Y.H. Lee, Y. Zhang, G.C. Phan-Quang 
et  al., A wearable solar-thermal-pyroelectric harvester: 
achieving high power output using modified rGO-PEI and 
polarized PVDF. Nano Energy 73, 104723 (2020). https ://
doi.org/10.1016/j.nanoe n.2020.10472 3

 116. Y. Zhang, F. Wan, S. Huang, S. Wang, Z. Niu et al., A chemi-
cally self-charging aqueous zinc-ion battery. Nat. Commun. 
11(1), 2199 (2020). https ://doi.org/10.1038/s4146 7-020-
16039 -5

 117. J. Hou, Y. Shao, M.W. Ellis, R.B. Moore, B. Yi, Graphene-
based electrochemical energy conversion and storage: fuel 
cells, supercapacitors and lithium ion batteries. Phys. Chem. 
Chem. Phys. 13(34), 15384–15402 (2011). https ://doi.
org/10.1039/C1CP2 1915D 

 118. J. Veerman, M. Saakes, S.J. Metz, G.J. Harmsen, Electrical 
power from sea and river water by reverse electrodialysis: 
a first step from the laboratory to a real power plant. Envi-
ron. Sci. Technol. 44(23), 9207–9212 (2010). https ://doi.
org/10.1021/es100 9345

 119. F.H. van der Heyden, D. Stein, C. Dekker, Streaming cur-
rents in a single nanofluidic channel. Phys. Rev. Lett. 
95(11), 116104 (2005). https ://doi.org/10.1103/PhysR evLet 
t.95.11610 4

 120. A. Siria, P. Poncharal, A.L. Biance, R. Fulcrand, X. Blasé 
et al., Giant osmotic energy conversion measured in a single 
transmembrane boron nitride nanotube. Nature 494(7438), 
455–458 (2013). https ://doi.org/10.1038/natur e1187 6

 121. M. Macha, S. Marion, V.V. Nandigana, A. Radenovic, 2D 
materials as an emerging platform for nanopore-based power 
generation. Nat. Rev. Mater. 4(9), 588–605 (2019). https ://
doi.org/10.1038/s4157 8-019-0126-z

 122. J. Feng, M. Graf, K. Liu, D. Ovchinnikov, D. Dumcenco 
et al., Single-layer  MoS2 nanopores as nanopower generators. 
Nature 536(7615), 197–200 (2016). https ://doi.org/10.1038/
natur e1859 3

 123. P. Pazhamalai, K. Krishnamoorthy, V.K. Mariappan, S. 
Sahoo, S. Manoharan et al., A high efficacy self-charging 
 MoSe2 solid-state supercapacitor using electrospun nanofi-
brous piezoelectric separator with ionogel electrolyte. 
Adv. Mater. Interfaces 5(12), 1800055 (2018). https ://doi.
org/10.1002/admi.20180 0055

 124. S. Sahoo, K. Krishnamoorthy, P. Pazhamalai, V.K. Mari-
appan, S. Manoharan et al., High performance self-charging 
supercapacitors using a porous PVDF-ionic liquid electrolyte 
sandwiched between two-dimensional graphene electrodes. 
J. Mater. Chem. A 7(38), 21693–21703 (2019). https ://doi.
org/10.1039/C9TA0 6245A 

 125. D. Zhou, F. Wang, J. Yang, L.Z. Fan, Flexible solid-state self-
charging supercapacitor based on symmetric electrodes and 
piezo-electrolyte. Chem. Eng. J. 406, 126825 (2021). https ://
doi.org/10.1016/j.cej.2020.12682 5

 126. L. Manjakkal, C.G. Núñez, W. Dang, R. Dahiya, Flexible 
self-charging supercapacitor based on graphene-Ag-3D gra-
phene foam electrodes. Nano Energy 51, 604–612 (2018). 
https ://doi.org/10.1016/j.nanoe n.2018.06.072

 127. K. Krishnamoorthy, P. Pazhamalai, V.K. Mariappan, S.S. 
Nardekar, S. Sahoo et al., Probing the energy conversion 
process in piezoelectric-driven electrochemical self-charg-
ing supercapacitor power cell using piezoelectrochemical 
spectroscopy. Nat. Commun. 11(1), 2351 (2020). https ://doi.
org/10.1038/s4146 7-020-15808 -6

 128. D. Zhou, F. Wang, X. Zhao, J. Yang, H. Lu et al., Self-charge-
able flexible solid-state supercapacitor for wearable elec-
tronics. ACS Appl. Mater. Interfaces 12(40), 44883–44891 
(2020). https ://doi.org/10.1021/acsam i.0c144 26

 129. D. Zhou, T. Yang, J. Yang, L.Z. Fan, A flexible self-charging 
sodium-ion full battery for self-powered wearable electronics. 
J. Mater. Chem. A 8(26), 13267–13276 (2020). https ://doi.
org/10.1039/D0TA0 5006G 

 130. D. Zhou, N. Wang, T. Yang, L. Wang, X. Cao et al., Piezo-
electric nanogenerator promotes highly stretchable and self-
chargeable supercapacitors. Mater. Horiz. 7, 2158–2167 
(2020). https ://doi.org/10.1039/D0MH0 0610F 

 131. S. Qin, Q. Zhang, X. Yang, M. Liu, Q. Sun et al., Hybrid 
piezo/triboelectric-driven self-charging electrochromic super-
capacitor power package. Adv. Energy Mater. 8(23), 1800069 
(2018). https ://doi.org/10.1002/aenm.20180 0069

 132. D. Zhang, Z. Yang, P. Li, M. Pang, Q. Xue, Flexible self-pow-
ered high-performance ammonia sensor based on Au-deco-
rated  MoSe2 nanoflowers driven by single layer  MoS2-flake 
piezoelectric nanogenerator. Nano Energy 65, 103974 (2019). 
https ://doi.org/10.1016/j.nanoe n.2019.10397 4

 133. Y. Jiang, Y. Wang, H. Wu, Y. Wang, R. Zhang et al., Laser-
etched stretchable graphene–polymer composite array for 
sensitive strain and viscosity sensors. Nano-Micro Lett. 
11(1), 99 (2019). https ://doi.org/10.1007/s4082 0-019-0333-6

 134. S. Radhakrishnan, J. Mathiyarasu, Chapter 8—Graphene–
carbon nanotubes modified electrochemical sensors, in Gra-
phene-based electrochemical sensors for biomolecules. ed. 
by A. Pandikumar, P. Rameshkumar (Elsevier, Amsterdam, 
2019), pp. 187–205. https ://doi.org/10.1016/B978-0-12-
81539 4-9.00008 -X

 135. K. Roy, S.K. Ghosh, A. Sultana, S. Garain, M. Xie et al., 
A self-powered wearable pressure sensor and pyroelectric 
breathing sensor based on go interfaced PVDF nanofibers. 
ACS Appl. Nano Mater. 2(4), 2013–2025 (2019). https ://doi.
org/10.1021/acsan m.9b000 33

 136. C. Li, S. Cong, Z. Tian, Y. Song, L. Yu et al., Flexible per-
ovskite solar cell-driven photo-rechargeable lithium-ion 
capacitor for self-powered wearable strain sensors. Nano 
Energy 60, 247–256 (2019). https ://doi.org/10.1016/j.nanoe 
n.2019.03.061

 137. Y. Wang, Y. Wang, Y. Yang, Graphene–polymer nanocom-
posite-based redox-induced electricity for flexible self-
powered strain sensors. Adv. Energy Mater. 8(22), 1800961 
(2018). https ://doi.org/10.1002/aenm.20180 0961

https://doi.org/10.1002/adfm.202001450
https://doi.org/10.1002/adfm.202001450
https://doi.org/10.1016/j.nanoen.2020.104723
https://doi.org/10.1016/j.nanoen.2020.104723
https://doi.org/10.1038/s41467-020-16039-5
https://doi.org/10.1038/s41467-020-16039-5
https://doi.org/10.1039/C1CP21915D
https://doi.org/10.1039/C1CP21915D
https://doi.org/10.1021/es1009345
https://doi.org/10.1021/es1009345
https://doi.org/10.1103/PhysRevLett.95.116104
https://doi.org/10.1103/PhysRevLett.95.116104
https://doi.org/10.1038/nature11876
https://doi.org/10.1038/s41578-019-0126-z
https://doi.org/10.1038/s41578-019-0126-z
https://doi.org/10.1038/nature18593
https://doi.org/10.1038/nature18593
https://doi.org/10.1002/admi.201800055
https://doi.org/10.1002/admi.201800055
https://doi.org/10.1039/C9TA06245A
https://doi.org/10.1039/C9TA06245A
https://doi.org/10.1016/j.cej.2020.126825
https://doi.org/10.1016/j.cej.2020.126825
https://doi.org/10.1016/j.nanoen.2018.06.072
https://doi.org/10.1038/s41467-020-15808-6
https://doi.org/10.1038/s41467-020-15808-6
https://doi.org/10.1021/acsami.0c14426
https://doi.org/10.1039/D0TA05006G
https://doi.org/10.1039/D0TA05006G
https://doi.org/10.1039/D0MH00610F
https://doi.org/10.1002/aenm.201800069
https://doi.org/10.1016/j.nanoen.2019.103974
https://doi.org/10.1007/s40820-019-0333-6
https://doi.org/10.1016/B978-0-12-815394-9.00008-X
https://doi.org/10.1016/B978-0-12-815394-9.00008-X
https://doi.org/10.1021/acsanm.9b00033
https://doi.org/10.1021/acsanm.9b00033
https://doi.org/10.1016/j.nanoen.2019.03.061
https://doi.org/10.1016/j.nanoen.2019.03.061
https://doi.org/10.1002/aenm.201800961


Nano-Micro Lett. (2021) 13:82 Page 41 of 41 82

1 3

 138. Y. Lee, J. Kim, B. Jang, S. Kim, B.K. Sharma et al., Gra-
phene-based stretchable/wearable self-powered touch sensor. 
Nano Energy 62, 259–267 (2019). https ://doi.org/10.1016/j.
nanoe n.2019.05.039

 139. P. Li, D. Zhang, Z. Wu, Flexible  MoS2 sensor arrays for high 
performance label-free ion sensing. Sensors Actuat. A: Phys. 
286, 51–58 (2019). https ://doi.org/10.1016/j.sna.2018.12.026

 140. A.V. Raghu, K.K. Karuppanan, J. Nampoothiri, B. Pul-
lithadathil, Wearable, flexible ethanol gas sensor based on 
 TiO2 nanoparticles-grafted 2d-titanium carbide nanosheets. 
ACS Appl. Nano Mater. 2(3), 1152–1163 (2019). https ://doi.
org/10.1021/acsan m.8b019 75

 141. S. Kim, Y. Dong, M.M. Hossain, S. Gorman, I. Towfeeq 
et al., Piezoresistive graphene/P(VDF-TrFE) heterostructure 
based highly sensitive and flexible pressure sensor. ACS 
Appl. Mater. Interfaces 11(17), 16006–16017 (2019). https 
://doi.org/10.1021/acsam i.9b019 64

 142. T. Li, L. Chen, X. Yang, X. Chen, Z. Zhang et al., A flex-
ible pressure sensor based on an MXene–textile network 

structure. J. Mater. Chem. C 7(4), 1022–1027 (2019). https 
://doi.org/10.1039/C8TC0 4893B 

 143. Z.L. Wang, J. Song, Piezoelectric nanogenerators based on 
zinc oxide nanowire arrays. Science 312(5771), 242–246 
(2006). https ://doi.org/10.1126/scien ce.11240 05

 144. Q. Zheng, H. Zhang, B. Shi, X. Xue, Z. Liu et al., In vivo 
self-powered wireless cardiac monitoring via implantable 
triboelectric nanogenerator. ACS Nano 10(7), 6510–6518 
(2016). https ://doi.org/10.1021/acsna no.6b026 93

 145. H. Ouyang, Z. Liu, N. Li, B. Shi, Y. Zou et al., Symbiotic 
cardiac pacemaker. Nat. Commun. 10(1), 1821 (2019). https 
://doi.org/10.1038/s4146 7-019-09851 -1

 146. Z.L. Wang, T. Jiang, L. Xu, Toward the blue energy dream by 
triboelectric nanogenerator networks. Nano Energy 39, 9–23 
(2017). https ://doi.org/10.1016/j.nanoe n.2017.06.035

 147. T. Jin, Z. Sun, L. Li, Q. Zhang, M. Zhu et al., Triboelectric 
nanogenerator sensors for soft robotics aiming at digital twin 
applications. Nat. Commun. 11(1), 5381 (2020). https ://doi.
org/10.1038/s4146 7-020-19059 -3

https://doi.org/10.1016/j.nanoen.2019.05.039
https://doi.org/10.1016/j.nanoen.2019.05.039
https://doi.org/10.1016/j.sna.2018.12.026
https://doi.org/10.1021/acsanm.8b01975
https://doi.org/10.1021/acsanm.8b01975
https://doi.org/10.1021/acsami.9b01964
https://doi.org/10.1021/acsami.9b01964
https://doi.org/10.1039/C8TC04893B
https://doi.org/10.1039/C8TC04893B
https://doi.org/10.1126/science.1124005
https://doi.org/10.1021/acsnano.6b02693
https://doi.org/10.1038/s41467-019-09851-1
https://doi.org/10.1038/s41467-019-09851-1
https://doi.org/10.1016/j.nanoen.2017.06.035
https://doi.org/10.1038/s41467-020-19059-3
https://doi.org/10.1038/s41467-020-19059-3

	2D Nanomaterials for Effective Energy Scavenging
	Highlights
	Abstract 
	1 Introduction
	2 2D Nanomaterials for Energy Scavenging Devices
	3 Mechanisms and Performance of 2D Nanomaterial-Based Energy Scavenging Devices
	3.1 Solar Energy
	3.2 Triboelectric Power Generation
	3.3 Piezoelectric Power Generation
	3.4 Thermoelectric Power Generation
	3.5 Pyroelectric Power Generation
	3.6 Osmotic Power Generation
	3.7 2D Nanomaterial-Based Self-Charging Supercapacitors

	4 Applications of 2D Nanomaterial-Based Energy Scavenging Devices
	5 Conclusion and Future Aspects
	Acknowledgements 
	References




