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Abstract

Over the past decade, triboelectric nanogenerators (TENGs) — small and portable devices
designed to harvest electricity from mechanical vibrations and friction — have matured from a
niche theme of electrical engineering research into multidisciplinary research encompassing
materials science, physics and chemistry. Recent advances in both the fundamental
understanding and performances of TENGs have been made possible by surface chemistry,
electrochemistry and theoretical chemistry research entering this active and promising field.
This short review focuses on the recent developments of direct-current (DC) TENGSs, where
sliding friction or repetitive contact—separation cycles between the surface of polymers, metals,
chemically modified semiconductors, and more recently even by the simple contact of surfaces
with water solutions, can output DC suitable to power electronic devices without the need of
additional rectification. We critically analyze the role of surface chemistry towards maximizing
DC TENG outputs and device longevity. The major current hypotheses about their working

mechanism(s) are also discussed.
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Introduction

Portable technologies that in the last three decades have reshaped our social, economic, and
cultural environments rely on electronics that are powered by DC current. There is therefore
an ever increasing demand for small, portable, regenerative and autonomous DC energy
sources [1]. Most electronics still rely on non-regenerative power sources — commonly batteries

—which have limitations such as a limited lifespan [2, 3]. Furthermore, the growing popularity
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Figure 1. (a) Schematics of the contact-separation mode of AC TENGs. The inset shows the AC
signal recorded during a cycle of contact and separation. (b-c) Schematics of the
tribovoltaic/flexoelectric effect [8, 9] behind the operation of semiconductor-based sliding mode DC
TENGs. (d) Depiction of the dynamic formation and equilibration of a space-charge layer leading to
a competition between drift and diffusion. The sign of the charges as well as the current flow direction
depends on surface characteristics, such as work function, ionization energy, electron affinity, and
presence/absence of electronic defects.

of wearable and implantable devices has created a need for smaller, and ideally biocompatible,
power units [4-7]. Thus, autonomous, regenerative, microscale or even nanoscale,

biocompatible energy source technologies are in growing demand.

Triboelectric nanogenerators (TENGS) are a promising source of sustainable and autonomous
electricity, whose purpose is that of converting ubiquitous mechanical vibration/friction, such
as thermal vibrations [10, 11], muscle movements [12], ultrasonic or ocean waves [13-15] into
either AC or DC, and which open up to energy, sensing, and medical applications [16-18].
Their working modes can be tentatively grouped into four main categories: contact-separation,
sliding, lateral single-electrode, and freestanding triboelectric-layer [19-23]. The creation of a
potential difference between top and bottom electrodes in relative motion, is generally
electrostatic in nature. TENGs’ common designs, as shown in Figure 1, include a top and a
bottom friction layer, usually made of metals [24], semiconductors [25], organic polymers [26],

2D materials [27], or even water [28]. The contact-separation mode (Figure 1a) is most
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Figure 2. Band bending and ratcheting mechanism for metal (purple block) —semiconductor (orange
block) contacts under a cyclic change in pressure. (a—d) While the force applied is ramped, electrons
(illustrated by white circles) accumulate on the semiconductor side of the junction. (e-g) When the
load is removed, the number of available states for electrons in the potential well drops, forcing some
electrons to migrate into the metal. (h) The electrons have mostly been transfer into the metal after
the external force is completely released. Adapted from the study by Olson et al. [8], copyright
(2022), with permission from American Chemical Society.

common among AC TENGs, where the top and bottom friction layers are usually electrically
insulating organic  polymers such as polyethylene terephthalate (PET) or
polytetrafluoroethylene (PTFE) [20, 29]. Here surface charging is mainly due to static
electrification, which builds up in part after the transfer of charged molecular fragments (vide
infra). Electrons will move in the external circuit to balance the polymer charges, and upon
separation of the two dielectrics current will flow to bring the system back to equilibrium. In
essence, an AC current flows in the external circuit with the same frequency of the contact—
separation events. For DC TENGsS, the sliding mode is generally more prevalent (Figure 1b,c)

with often one of the electrodes being a semiconductor.

The actual TENGs mode(s) of action if still debated, with some authors arguing in favor of
discharge of static electricity being the major driving force [1, 30, 31], others invoking an
imbalance between migration and diffusion of surface charges (Figure 1d) [32], and some
arguing for a unidirectional movement of friction- or pressure-induced electron—hole pairs —
the tribovoltaic effect — being the main mechanism (Figure 1c) [33-37]. In addition, and
probably contributing to the first and latter mechanisms, there is flexoelectricity (Figure 2): a
band bending and ratcheting mechanism where subsequent compression/decompression of the
metal-semiconductor junction forces electrons to move preferentially in one direction [8, 9].
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Mechanistic studies on the ratcheting mechanism were conducted on highly doped
semiconductor materials [8], but it is not clear if this will still be valid for dynamic junctions
made on lowly-doped semiconductor materials where, among other factors, the space charge
region is much thicker. For instance, unlike the recent finding of Marks and co-workers [8],
most silicon-based TENGs yield tribocurrents with the direction of a leakage current, indicating
that the interfacial field formed upon contact moves electrons either via avalanche breakdown
or tunneling. Which of the two dominates is still unclear, and answering this question will
probably require designing experiments where the temperature of the sliding junction can be

either controlled or at least monitored.

The debate on to what extent contact electrification is key to the operation of TENGs will not
be resolved until a consensus is reached on the nature and origin of statics [32, 38, 39]. A small
digression on triboelectricity is therefore needed here, first to explain why objects that cannot
conduct electricity become charged in the first place. The term electron comes from the Greek
word for amber — “elektra”, later Latinised in “electra” — and Thales of Miletus, who lived
around the 600 B.C., left accounts of the ancient Greeks being aware of chicken’s feathers
being attracted to amber after its contact with rabbit’s fur. The most striking properties of
electrified object is in fact that of attraction and repulsion, but it was not until the 17" century
that materials other than amber, such as glass and sulphur, were also found to gain a static
charge after contact and separation. The topic remained a scientific curiosity until the 18" and
19" centuries, when polymaths like Benjamin Franklin and Michael Faraday initiated its
systematic study. It finally gained the attention of engineers and chemists in the 1970s, when
the development of copiers and laser printers created a strong incentive to understand the
chemistry behind the triboelectrification of plastic polymers [40]. A common misconception is
that electrification upon contact is limited to plastic polymers, but just as the demarcation
between insulators and conductors is arbitrary, so it’s a material ability to statically charge.
Metals and semiconductors exchange charges upon contact [41], but because charges are here
free to move, the result is that it becomes harder to accumulate them so to reach large voltages,
noting that surface voltages in the excess of 30 kV/cm can be easily obtained on insulators.
The nature of this charge is still debated. Do free electrons move upon contact [42, 43], are
ionic species formed upon the mechanical breaking of bonds asymmetrically transferred [44],
is there a role played by redox chemistry of reactive functional groups [45, 46], or is statics
mainly the transfer of water-derived ions [47-51]? A lot of this is still not clear [39, 52-54].

Moreover, non-polar plastics such as PTFE and polyethylene becomes very charged, which is



hard to expected based on their chemistry, and several materials form a cyclic, instead than
linear, triboelectric series, suggesting that the triboelectrification process does not simply rely
on a single physical characteristic [54, 55]. The shape of the object is also important [56], as
well as its softness [57, 58]. What is clear beyond ambiguity is that statics is dominated by
surface rather than bulk material properties. Interestingly this aspect was already appreciated
in the 19" century, when it became apparent that the position of metals in the Volta series
depended on whether measurements were done in air or under hydrogen sulfide, with for

example copper and iron swapping position in the series in response to this.

The application of several areas of chemistry, most importantly of surface chemistry and
electrochemistry, towards answering the question as to what are the charge-carrying species
[56, 58, 59] is assisting today the development of TENGs as it did in the 1970s during the
development of xerography [60, 61]. The scope of this short review is therefore to summarize
the scope of surface chemistry towards maximizing the performances of DC TENGs, as well

as its contribution in unveiling the actual energy conversion mechanism of TENGs.

As shown in Figure 1a, the dielectric-displacement current generated by traditional (polymer-
based) TENGs, such as in the sliding-mode design is AC. Besides the requirement of
rectification in order to power up microelectronic devices, the impedance of polymers is a
crucial constraint to the achievable current density. Both issues are removed in metal-
semiconductor (Schottky diodes) TENGs [62, 63]. Semiconductors such as silicon are used in
DC TENGs owing largely to the versatility of its surface chemistry [64-66], low costs [67], and
an high output current density — over 10° A/m? in micro/nanoscale [68] and up to 200 A/m? in
macroscale [69]. Furthermore, by tethering organic monolayers it is possible to tune the
interface charge transport characteristics, adhesion, and friction [52, 66, 70-73]. As briefly
mentioned above, omitting the nuances of flexoelectricity, the main mechanism is here a
tribovoltaic effect [33-37], which in first approximation is analogous to the photovoltaic effect,
and is schematically depicted in Figure 3 for a sliding p—n junction [25] but will also be
applicable to metal-semiconductor Schottky diodes [35]. The current generation process
involves tunneling (or avalanche breakdown) across the metal-insulator—semiconductor
structure [74, 75]. Electron—-hole pairs excited by friction are separated by the built-in electric
field at the interface, hence the current flows in the same direction of the leakage current.
Indeed the surface chemistry is quite crucial here, as it is capable of engineering surface
properties such as work function, electric field, and charge transfer, to eventually tune the
leakage [76, 77].
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Figure 3. Schematics and energy band diagrams for a DC TENG by using a n-type semiconductor
as top electrode sliding on the surface of a p-type semiconductor (bottom electrode). Illustration of
the condition of (a) disconnected, (b) contacted still, and (c) lateral sliding of the p—n junction. The
white arrows represent the surface dipole moment, and the red arrows represent the direction of the
built-in electric field. Ec is the bottom of the conduction band, Ey is the top of the valence band, E;
is the intrinsic level of the pure semiconductor without doping and Er is the Fermi level, Vy,; is the
built-in electric field potential, y1, are the potentials with respect to the Fermi levels in the p- and n-
type semiconductors. Adapted from the study by Xu et al. [25], copyright (2019), with permission
from Elsevier.

But for such silicon-based DC TENGs the substrate is an non-oxide semiconductor prone to
oxidation, a reaction that will inevitably cause drops in surface conductivity and open-circuit
voltages (Voc) [75]. Although some extent of oxidation can introduce surface states that
counterintuitively increase conductivity [78], this effect is only transient. The oxide layer
(silica) can be removed via chemical etching, but eventually the etched surface (Si—-H) [79-81]
oxidizes again after exposure to the environment [82, 83]. To limit this, several surface
modification strategies involving organic and inorganic chemicals, as well as metals, have been
proven viable [73, 84-87]. In the following, we present surface modification strategies for

TENG materials and discuss their pros and cons.

Surface modification of triboelectric materials

Organic materials

Organic molecules that can self-assemble on metals and semiconductors are a first choice in
terms of improving the performances of a TENG. In 2006 Akbulut and co-workers [24] coated
Au, Ag and Ti surfaces with self-assembled monolayers (SAMSs) of 1-hexadecanethiol so to
prevent these metals from cold-welding, a phenomenon that inhibits the relative movement of
metals and leads to material wear [88]. Interestingly the authors observed large current
fluctuations when sliding different (SAM-passivated) metals against each other, while no
charge transfer was observed when identical metals were sheared. For SAMs-coated Ag and

Au surfaces the authors observed DC current densities up ~20 mA/m?. The authors suggest a



continuous entangling and disentangling, and cyclic deformation and relaxation, of SAM
chains during sliding. They also speculate that amorphous SAM regions may be capable of
assisting charge transport even under static conditions. These two effects, may contribute to
the triboelectrification of the contact. According to the authors, the lag between current and
friction after having stopped the sliding could be evidence of a slow SAM relaxation. Further
studies will need to be conducted to prove a relationship between monolayer order and
propensity to gain static charges. Further, as only one type of SAM was explored, an open
question remains, that is whether or not different SAMs, for instance with different polarity

and wettability, will show a similar delay.

Similarly, in 2016 Wang and co-authors [89] used Au substrates functionalized with thiol-
based SAMs as materials for AC contact-separation TENGs. They investigated five SAMs
with either hydroxyl (~OH), methyl esters (~C(O)OCH?z), amines (-NH3), aniline (—CsHs—
NH), or chloro (—CI) functionalities as terminal group. These SAMs were formed onto an Au
film deposited on Kapton by e-beam evaporation, and with a 100 nm copper layer deposited
on fluorinated ethylene propylene (FEP) film (vapor deposition) as the second electrode. Under
mechanical shaking (~2.5 Hz), —-NH. surfaces showed the greater surface potential by Kelvin
probe force microscopy (KPFM), and were the most effective nanogenerator, with the charge
density reaching ~140 uC/m?, and the open-circuit voltage (Voc) and short-circuit current
density (Jsc) reaching ~560 V and ~18.5 mA/m?, respectively. For almost all the surface
chemistries investigated, TENG performances were significantly higher compared to controls
with unmodified surfaces. The only exception were chloro-terminated surfaces. Furthermore,
the same authors also explored amine-terminated silane-based SAMs grafted on SiO> surfaces.
The charge density, Vo, and Js increased from ~34 uC/m?, ~150 V and ~0.7 mA/m?
(respectively) on the SiO;, surface, to ~51 uC/m?, ~240 V, and ~1.75 mA/m? for the modified
systems. Although the output of these TENGs is AC, these results indicate a scope for the
improvement of DC TENGs by surface chemistry, focusing especially on the material
electronegativity. The authors recommended head groups with lower electronegativity for the

positive side, higher electronegativity for the negative side, and longer chains.

Inspired by the research discussed above, Ciampi and co-workers [84] investigated covalent
1,8-nonadiyne monolayers (Si—C-bound) grafted on NHsF-etched 111- and 100-oriented
silicon substrates (S1, Figure 4a). The monolayer purpose is first to prevent substrate oxidation,
and second to engineer charge transport on Si(111) pyramids etched on a Si(100) surface. Using

platinum AFM tips as the sliding metal contact it is possible to measure simultaneously surface
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properties (such as friction and topography) as well as the zero-bias current. The topography
(Figure 4b) as well as the leakage current (under an external bias) and zero-bias (TUNA)
current signal along the red dotted line (Figures 4b,c) were recorded simultaneously. The
maximum DC current density for such structure was of 2.9 x 10° A/m?. Interestingly, the
recorded zero-bias current reaches a peak at concave boundaries between the (100) and (111)
planes, rather than at the convex pyramid [Si(100)] apex. The tribocurrent, which bears the
sign of a reverse-bias current, interestingly also does not track the leakage current of static
junctions (estimated from current—voltage characteristics, Figure 4c). The authors suggest that
the Schottky barrier may be decreasing under increasing stress, and that the concave curvature
at the pyramid’s base leads to a thinner space charge. Using a semiconductor as readily
available as silicon could significantly reduce the costs of DC TENGs, as well as ensure
compatibility with mainstream electronics, but such textured surface (pyramids) introduce
some level of complexity in the preparation of such devices. Thus, exploring flat and
unstructured silicon, and the influence of surface chemistry on performance of Schottky diode-
based DC TENGs (Figure 4a, S2-X, with X being either -NH,, —OH or —CHz groups), Ferrie
et al. modified Si(111) crystals by Cu-catalyzed azide—alkyne cycloaddition (CuAAC)
reactions [73]. Polar groups (-NH2 and —OH) led to a greater zero-bias DC current output,
which parallels the findings for AC TENGs by Wang et al. discussed above [89]. It is therefore
possible to augment DC current output on flat silicon by means of surface functionalization,
even though the two-step (passivation followed by functionalization) procedure involved is
laborious. In an attempt to simplify the surface chemistry aspects, Lyu et al. attempted to use
1,8-nonadiyne, 1-nonyne, 1-nonanol, and 8-nonyn-1-ol to form in one step alkynyl (-C=CH),
alkyl (—~CHa), and hydroxyl (—-OH) monolayers, as shown in Figure 4d [68]. With platinum as
the sliding metal contact, 8-nonyn-1-ol coated Si(211) showed a maximum current density of
~10° A/m?. One of the most important factors causing hydroxyl-terminated Si(211) surfaces to
perform well is surface polarity coupled to a relatively large surface recombination and velocity,

plus the negative charge on the metal tip owing to flexoelectricity [68].

Polymers have also continued to gain popularity as triboelectric material for DC TENGs.
Recently You et al. [90] have successfully coated poly-3,4-ethylene dioxythiophene:poly-
styrene sulfonate (PEDOT:PSS) on aluminum alloy films as top friction layer, and used Al
alloys, Si, ITO, Cu, and graphene as bottom friction layer in sliding mode TENGs, as shown
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Figure 4. (a) Oxide-free silicon surface functionalization. Native oxide is first cleaned and etched
(steps 1 and 2) to form a hydrogen-terminated surface. This surface is reacted under UV with 1,8-
nonadiyne to form surface S1. The terminal alkyne functionality of S1 is reacted through a CUAAC
reaction to covalently attach either 3-azidopropan-1-amine (forming S2-NH>), 3-azidopropan-1-ol
(S2-OH), or 1-azidobutane (S2-CHs). Adapted from the study by Ferrie et al. [73], copyright (2022),
with permission from Elsevier. (b) 12 x 12 um AFM height image of Si(111) pyramids on lowly
doped float zone (FZ) n-type Si(100). (c) Topography, leakage current (under an external bias), and
zero-bias tunneling AFM (TUNA) current profiles over the dotted red line in (b). Trace data are in
blue, and retrace data in red. Adapted from the study by Ferrie et al. [84], copyright (2022), with
permission from Elsevier. (d) Zero-bias C-AFM 5 x 5 um current maps of dynamic sliding Pt-Si(211)
diodes. Oxide-free Si(211) samples were coated with monolayers of 1-nonanol, 1-nonyne, 8-nonyn-
1-ol, and 1,8-nonadiyne. Adapted from the study by Lyu et al. [68], copyright (2022), with permission
from Elsevier.

in Figure 5a. They conclude that the work function of the triboelectric material is the main
factor influencing the DC TENGs output, as the work function difference correlates to the
open- circuit voltage. As shown in Figure 5b, they also found out that the PEDOT:PSS/Al alloy
device exhibits the greatest performance with a Voc of 1V, a Isc of 309 pA, and power density



of 11.67 mW/m?. After 1,000 successive bending events there is a reduction in the device open-
circuit voltage, which highlights general concerns about the durability of TENGs. The decay
of electrical performances is mainly due to frictional wear, which is the primary failure factor
in TENGs [91-93].

Physical methods can also be applied to improve the output of DC TENGs. As shown in Figure
5¢, Chen et al. [94] added a pre-charged PTFE layer that was charged by 100 cycles of manual
rubbing against nitrile rubber, also known as field enhancing layer (FEL). This layer is placed
under the triboelectric layer (PTFE), then the copper tape attaching to the acrylic sheet was slid
against the triboelectric layer to generate DC current under different acceleration (contact area
of 2 x 2 cm). A current of ~200 nA and an open-circuit of ~50 V were recorded. To scale this
up, the authors also designed a rotary mode TENG using the same materials to realize a

constant DC current output which can power a LED array without intermitted flashing.

Inorganic materials

Various inorganic materials have been utilized to modify the surface of TENGs and improve
their performances and durability. In 2007, Wang and co-workers [13] used ZnO nanowires
(bottom electrode) and a surface-engineered silicon jagged electrode coated with Pt (top
electrode) to develop a nanogenerator able to harvest DC electricity from ultrasonic waves.
This zigzag-shaped silicon electrode can effectively enlarge its surface area, favouring contact
with the nanowires. Under ultrasonic waves, the nanowires continuously act like brushes on
the silicon electrode. Analogously, Xu et al. [25] used HF-etched phosphorus-doped and boron-
doped silicon as sliding electrodes, with an Au coating on both electrodes as a back contact as
illustrated in Figure 5d. They managed to continuously harvest ~50 nA of DC current under 1
N of load (Figure 5¢), and found that the current direction matches the built-in electric field of
the junction. The authors also performed experiments under variable sliding speed, acceleration
and length of the top electrode. They observed a positive correlation between the short-circuit
current and these three parameters. This design indeed provides a high current output and
supports a relationship between current, velocity and acceleration. The long-term performances
of such structure is likely not to be outstanding as the silicon electrodes were only etched with
HF solutions and no protective layer was incorporated in the design. The above mentioned
issue of substrate re-oxidation and frictional wear remains a challenge, and to specifically
address this, in 2018 Lin et al. [27] attempted to harvest DC by sliding graphene layers on

silicon substrates (Figure 5f), given that graphene is self-lubricant. The authors reported DC
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current densities up to 40 A/m?, and stable outputs even after 10,000 cycles. Similarly, in 2021
Huang et al. [32] used Au coated highly ordered pyrolytic graphite, prepared via electron beam
lithography, electron beam evaporation, and reactive ion etching, as the top electrode, and
etched n-type silicon as the bottom electrode. They fabricated a superlubric Schottky based
generator (Figure 5g) with current and power density of ~210 A/m? and ~7 W/m? respectively.
Such device is also capable of maintaining such high performances for over 5,000 cycles.
Notably, the authors exclude a friction-induced excitation mechanism and propose a
mechanism based on the continuous establishment and destruction of the depletion layer. In
simple terms, the net current flow is attributed to the electronic drift induced by non-
equilibrium electric field over the movement between the triboelectric materials, as shown in
Figure 5h. Such friction-less (or minimal friction) approach defines another direction for the
future improvement of outputs and durability of DC TENGs.

The two designs outlined above rely on carbon-based materials (graphite or graphene) owing
to their capacity of reducing friction [95]. Such designs undoubtedly reduce device wear, but
the other contact material (silicon) was somehow neglected and in fact only treated with HF or
buffered oxide etch solution to remove the native oxide. Obviously, etched silicon will re-
oxidize in ambient air [79, 96] and due to a growing oxide layer current outputs will drop
significantly and rapidly [75]. It is therefore surprising that this degradation was not observed
as the electric field should further speed up the oxidation process [97, 98].

Protection of silicon against anodic decomposition is therefore imperative. Lu et al [99]
attempted to coat HF-etched silicon substrates with AIN, HfO2, or Al,O3 via physical vapor
and atomic layer deposition. As shown in Figure 5i, using black phosphorus flakes, whose
intrinsic anisotropy produces outstanding electronic, transport and mechanical characteristics
[100], as the other triboelectric material, they built a Schottky diode sliding DC TENG and
recorded an open-circuit voltage of 6.1 V and a short-circuit current density of 124.0 A/m?
(power density of 201.0 W/m?) for black phosphorus/AIN/Si heterojunction system. In 2020,
they attempted to fabricate DC TENG using HF-etched and oxide-free n-n silicon
homojunction, recording a current density of 214 A/m? and a voltage of 0.35 V [101]. They
further explored the influence of different insulated dielectric layers (ZnO, HfO2, Al,O3) on the
performance of the silicon-dielectric layer—silicon system, and found out that the n-type

Si/Al>;Os/ n-type silicon can enhance the output voltage to 1.3 V.
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the study by You et al. [90], copyright (2022), with permission from Elsevier. (c) Schematic of a DC
TENG where pre-charged PTFE, used as field-enhancing layer (FEL), is embedded under the
triboelectric layer (PTFE). Adapted from the study by Chen et al. [94], copyright (2021), with
permission from Wiley-VCH GmbH. (d) Schematic and external circuit of a p—n junction based
TENG. (e) Sliding velocity and corresponding short-circuit current during the reciprocating
movement of the slider shown in (d). Adapted from the study by Xu et al. [25], copyright (2019),
with permission from Elsevier. (f) Experimental set-up for a sliding graphene—silicon TENG. The
inset is an -V curve of the static graphene-silicon junction. Adapted from the study by Lin et al.
[27], copyright (2019), with permission from Wiley-VCH GmbH. (g) Experimental set-up for sliding
superlubric graphite coated Ag-silicon Schottky diode triboelectric nanogenerator. (h) Simulation
mode structure and the proposed physical process of the depletion layer establishment and destruction
(DLED) mechanism. The scale bar on the right side represents the electron concentration. Adapted
from the study by Huang et al. [32], copyright (2022), with permission from Nature Portfolio. (i)
Schematic of the black phosphorus-coated Ag-silicon Schottky diode DC TENG. Adapted from the
study by Lu et al. [99], copyright (2019), with permission from American Association for the
Advancement of Science. (j) Schematic of a MoS,—Si Schottky sliding diode DC TENGs in three
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different structures (from left to right): metal-semiconductor (MS), metal—insulator—-semiconductor
(MIS), and semiconductor—insulator—semiconductor (SIS). Adapted from the study by Liu et al.
[102], copyright (2019), with permission from American Chemical Society.

Afterwards, they intentionally used water as the dielectric material and moved it at the gap
between HF etched n-type and p-type silicon. In response to the movement of water droplets,
a DC voltage of 0.3 V and a current of 0.64 WA was recorded [103]. The authors proposed a
new dynamic semiconductor—liquid—semiconductor structure DC TENG, which has the

potential to obtain electricity from the motion of water, for instance from rain.

Analogous insulated dielectric materials between triboelectric materials are commonly used in
the fabrication of DC TENGs. Liu et al [62] firstly attached a molybdenum disulfide (MoS>)
multilayer to the silver coated Si/SiO2 substrates by pulsed laser deposition, and successfully
harvested DC electricity from such structure with current density reaching up to 106 A/m2. To
further research on the enhancement of the MoS; based TENGs direct-current generation, the
same authors attempted three different structures: metal-semiconductor (MS), metal—
insulator—semiconductor (MIS), and semiconductor—insulator-semiconductor (SIS) (Figure 5j).
The authors suggest that the DC output can be manipulated by interfacial engineering [102],
and probed the influence of the insulator (SiOx) thickness on the electrical performance of the
sliding metal—insulator—semiconductor (Si) based DC TENG, and concluded that the short-
circuit current slightly increases at the beginning and eventually decreases significantly with
the increasing oxide layer thickness. And for native oxide with a thickness less than 2 nm on
silicon substrates, the theoretical current density of such a metal-insulator-semiconductor

system can reach up to 10* A/m? [75].

Sharov et al. [104] attached an InP layer, with its native oxide, on the HF-treated p-type Si(111),
and use a silicon AFM tip with platinum or diamond coating as top contact. A peak and average
current density in dark of 15 kA/m? and 7.3 kA/m? were reported. The authors also probed the
photovoltaic efficiency in both the static and sliding regimes, reporting a 7% conversion

efficiency. It provides a platform for coupling tribovoltaic and photovoltaic current generation.
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Table 1. Surface functionalization and electrical performances of DC TENGS

. . . Test Jimax
Materials Surface modification cond. Is Voc AJm? Ref
Organic materials
SAMs -
Ag[Au] (1-hexadecanethiol) Sliding ~0.02 [24]
. . SAMs - 5
Si(111) & Si(100) [P1] (1,8-nonadiyne) Sliding 2.9x 10 [84]
. SAMs & CuAAC - 6
Si(111) [Pt] (_NH>, —OH, —CH) Sliding 4.6 x10 [73]
Si(211) [P1] (CHy _SO/;MECECH) sliding 49x10° [68]
poly-3,4-ethylene
PEDOT:PSS [Al] dioxythiophene: poly- Sliding 309 pA 1V [90]
styrene sulfonate
PTFE [Cu] Pre-charged PTFE Sliding 200nA 50V [94]
Inorganic materials
Zn0O nanowires Ultrasonic
[Si zigzag] Wace 0.15nA [13]
Si [graphene] HF etched Sliding 40.0 [27]
Si(100) [graphite] Buffered oxide etch Sliding ~210 [32]
p-type Si [n-type Si] HF etched Sliding 50 nA [25]
. Deposition -

Si [black phosphorus] (AIN, HfO,, Al,O5) Sliding 6.1V 124 [99]
n-type Si [n-type Si] HF etched Sliding 0.35V 214 [101]
n- & p-type Si [water] HF etched Sliding 0.64 yA 0.3V [103]
- Pulsed laser deposition . 106

Ag [Si tip] (MoS») Sliding 10 [62]
p-type Si(111) Molecular beam epitaxy - "
[diamond coated Si tip] (InP) Sliding 15mV: 1.5x10°  [104]
Conclusions

Autonomous power supplies that converts mechanical energy into electricity take on a vital
role when it is not possible to replace or recharge a battery, such as in life-critical medical
implants or sensors in remote/dangerous places. The environment provides a broad range of
mechanical energy sources, but in a nanoscale setting conversion of mechanical energy into
direct current remains a challenge. By merging innovations in both surface science and
electrical engineering, DC triboelectric nanogenerators (DC TENGS) are becoming a viable
path to miniature power supplies. Surface chemistry and surface microfabrications protocols
have been extremely valuable, and for example shown that engineering sharp lateral changes
in the semiconductor barrier is dramatically more effective towards maximizing current than
increasing the applied normal force, or the surface friction [84]. This is a path towards
removing friction — and therefore area — constraints. It is also a path towards limiting device

wear: tribocurrent densities can be enhanced under minimal friction. More recently zero-
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applied-bias current densities as high as 10° A/m? have been achieved using a proton-
exchangeable organic monolayer that simultaneously introduces a sufficiently high density of
surface states (assessed as changes to carrier recombination velocities) coupled to a strong
surface dipole in the form of a surface alkoxide anion (Si—-monolayer—O~) [68]. These are just
key examples, and a more comphrensive summary of the status of DC TENGs systems is in
Table 1. To futher improve the performance of DC TENGs, including their power density and
durability more surface chemistry research is needed. Furthermore, the mechanism by which
DC TENGs operate remains controversial. Among the key pending questions we believe the

following are particularly pressing:

1. For DC TENGs that are essentially out-of-equilibrium diodes, the DC output grows or
declines with the level of surface states?

2. lsitall governed by the movement of charged molecular fragments or by flexoelectricity?

3. Is stick-slip friction involved, or are pressure fluctuations more important than lateral
friction?

4. s surface water involved? Is the charge of the aerial surface of water playing a role? Or a

wet interface is just leading to a larger contact?

Apart from these questions, we hope DC TENGs research will succeed in bringing surface
scientists and electrochemists closer to a definitive understanding on the origin of static
electricity, a puzzle that has been fascinating scientists and engineers since the antiquity.
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