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erties of materials comprised of such 
elements. Many groups have demon-
strated changes in conductance upon 
mechanical,[7] optical,[8] thermal,[9] or 
chemical[10] stimuli but demonstrations 
of electrically tunable conductivity have 
been far and between. Of note, the so-
called single electron transistors based 
on metal nanoparticles have been shown 
to exhibit conductance varying with the 
applied bias—unfortunately, such devices 
display periodic conductance oscillations 
due to the well-known Coulomb-blockade 
effect, with the current ratios depending 
on the dielectric environment and/or 
Coulomb energy barrier between adjacent 
nanoparticle cores.[11] With such inherent 
instabilities, the notion of metal-based 
electronics becoming practical might not 
seem promising, at least for the electrical 
modulation of the material’s electronic 

conductivity. We first revisited this issue around a decade ago, 
while working on nanoparticles covered with charged organic 
ligands.[12] We reasoned that if another form of mobile charge 
carriers—namely, the counterions surrounding the charged 
NPs—were present, the applied electric fields could cause their 
redistribution and establish internal electric fields that would 
then feed-back and control the motions of electrons between 
particle’s metallic cores. In other words, we wished to achieve 
tunable electronic conductivity by establishing counterion 
gradients within a nanostructured material. Herein, we illus-
trate how this basic idea has since been applied to systems of 
increasing complexities—first, to make “polarizable” films[13] 
of one-type of charged NPs, then bilayer structures comprising 
particles of opposite polarities and serving as diodes,[14] then 
various types of chemical sensors,[14,15] and finally entire logic 
circuits in which metallic NPs serve as sensing and well as 
information-processing units.[14] We have called such circuits 
“chemoelectronic” to emphasize the ease with which metallic 
NPs can be chemically modified with organic ligands respon-
sible for processing electronic signals and/or those responsible 
for chemical sensing. Chemoelectronic devices are easily pro-
cessable (simply cast from methanolic solutions), mechanically 
flexible, and can selectively transduce part-per-trillion chemical 
changes into electrical signals, and consume relatively little 
power (≈µW). On the downside, they are not nearly as fast as 
silicon-based devices, though their speeds are commensurate 
with common polymer electronics.[16] We narrate these and 
other pros and cons toward the end of the paper where we 
also try to highlight the most interesting prospects (and chal-
lenges) for future studies on and applications of these unusual 
nanomaterials.

Although metal nanoparticles (NPs) stabilized with self-assembled 
monolayers (SAMs) of various organic ligands have proven useful in 
applications ranging from chemical sensing, to bionanotechnology, to 
plasmonics and energy conversion, they have not been widely considered 
as suitable building blocks of electronic circuitry, largely because metals 
screen electric fields and prevent electrically tunable conductivity. However, 
when metal nanoparticles a few nanometers in size are stabilized by 
charged ligands and placed under bias, the counterions surrounding 
the NPs can redistribute and establish local electric fields that feed back 
into the electronic currents passing through the nanoparticles’ metallic 
cores. Herein, the manner in which the interplay between counterion 
gradients and electron flows can be controlled by using different types 
of SAMs is discussed. This can give rise to a new class of nanoparticle-
based “chemoelectronic” logic circuits capable of sensing, processing, and 
ultimately reporting various chemical signals.

Nanoparticle Electronics

1. Introduction

Electrically tunable conductivity is one of the key characteris-
tics of materials traditionally used in electronic circuits—pre-
dominantly silicon-based semiconductors,[1] but also quantum 
dots,[2] organic π-conjugates,[3] and some carbon materials,[4] 
from which various diodes, transistors, memories, optical 
devices, and integrated circuits can be made. Metals do not fea-
ture on this list and serve only auxiliary roles (e.g., as wiring 
elements) because they screen electric fields at extremely 
short distances (<1 nm).[5] With the rise of nanotechnology, 
however, engineering of very small metallic “parts” (nano-
particles (NPs), nanorods, etc.[6]) has become possible and 
much effort has been devoted to the study of electronic prop-

Adv. Mater. 2019, 1804864



© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1804864  (2 of 8)

www.advmat.dewww.advancedsciencenews.com

2. Dynamic Ionic Gradients and Current Steering

As a prototypical system exhibiting tunable conductivity we 
used films of ≈5 nm gold nanoparticles,[17] AuNPs, stabilized 
with positively charged N,N,N-trimethyl-(11-mercaptoundecyl)
ammonium chloride (C11NMe3

+Cl−, TMA) ligands. Impor-
tantly, the larger AuTMA particles in such films are jammed—
like grains of sand—but the smaller Cl− counterions can still 
migrate through the spaces between these particles. When 
the film is placed under bias (Figure  1a), the current initially 
decreases but ultimately reaches a steady-state value (Figure 1b) 
which depends nonlinearly on the applied bias. Since no similar 
effects are observed in films of NP covered with neutral ligands 
(they behave as simple Ohmic conductors), and because there 

are no Faradaic reactions at the electrodes flanking the film, the 
effect can be attributed to the formation of a gradient of counte-
rions (migrating towards the “+” electrode), in turn giving rise 
to an internal electric field, Ei, that opposes the applied field, 
Eapp, and hinders the flow of electrons through the metal cores 
(cf. Figure  1a; for theoretical details describing all these pro-
cesses, see models in ref. [13]). The existence of such a gradient 
and its time evolution has been confirmed experimentally (via 
Kelvin probe force microscopy (KPFM) and energy-dispersive 
X-ray spectroscopy (EDS)[18]) and is the key feature of all the 
systems we discuss below. Naturally, the gradient is tran-
sient and disappears when the bias is removed, though this  
equilibration is a rather slow process occurring on the time-
scale of hundreds to thousands of seconds. As long as the 
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Figure 1.  Dynamic ionic gradients and reconfigurable electronic components. a) Mobile counterions around immobile/jammed charged NPs (positively 
charged TMA AuNPs) migrate under bias and set up counterion gradients within the material. An internal electric field, Ei, is generated in the direction 
opposite to that of the polarization field, Eapp. b) Normalized current density though the charged-NP film as a function of time. The inset is the 
internal electric potential measured in an open-circuit configuration at different polarization times (polarization potential: 4 V). c) Current–voltage, j–ϕ, 
characteristics of a TMA AuNPs film collected after initially polarizing this film at 4 V for 10 min. With the decrease of sweep rate, the curves flattens 
and the rectification ratio decreases. Notice that zero current does not correspond to zero voltage—instead the material ceases to conduct electrons 
at a nonzero applied bias. d) Current steering in a device with six wedge-shaped electrodes. Polarization potential was applied between electrodes 
(5,6) and (2,3). The direction of polarization is indicated by the thick, gradient arrow. Red lines give qualitative distribution of mobile anions (individual 
anions are represented by red spheres). e) Normalized currents along the (1–3) and (1–5) directions. e) The relative current ratio can be as high as 
120, whereby the (1–5) “channel” becomes almost non-conductive and the current is effectively “deflected” towards channel (1–3). The dashed line is 
the relative current for both channels in the absence of polarization. Reproduced with permission.[13] Copyright 2011, Springer Nature.
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gradient persists and material is polarized, it exhibits several 
unique characteristics. For instance, for an initially “polarized” 
material there exists a nonzero voltage at which Eapp balances 
Ei and the material effectively transitions from a conductor to 
an insulator (Figure 1c). When the direction of bias is reversed, 
the conductance “along the gradient” (i.e., when Eapp and Ei 
point in the same direction) is higher (up to hundred times) 
than in the opposite direction—in other words, the polarized 
NP film can rectify electronic currents. Finally, when the coun-
terion gradients are first established in one direction and then 
currents are passed in another direction, these gradients can 
prevent the current from flowing through some parts of the 
material and effectively be “steered” toward other regions—in 
Figure  1d,e, polarizing bias applied between electrodes (5,6) 
and (2,3) directs the currents from electrode 1 to either (3) or 
(5). Such examples serve to illustrate that films of charged NPs 
are, indeed, quite peculiar in their ability to polarize yet still 
transmit electronic currents—in contrast, conventional dielec-
trics can polarize but are not conductive whereas metals are 
conductive but cannot sustain internal electric fields coun-
tering external bias.

3. Bilayer NP Diodes

The ability to rectify current is one of the key characteristics 
of diodes but for the AuTMA NP films described above, the 
times to establish counterion gradients and to build internal 
fields are too long to be useful. Therefore, as an alternative, 
we considered systems comprised of two layers, each ≈500 nm  
thick, of oppositely charged NPs: positively charged TMA 
AuNPs surrounded by negative Cl− counterions and nega-
tively charged AuNPs covered with deprotonated 11-mercapto
undecanoic acid (MUA) and surrounded by N(CH3)4

+ 
counterions (Figure  2a).[14,18,19] When these two layers are in 
contact, entropy-driven intermixing of mobile counterions takes 
place—some of the Cl− anions enter the MUA NP layers and, 
vice versa, some of the N(CH3)4

+ cations enter the TMA NP 
layer (Figure  2b). Counterions’ interdiffusion continues until 
the entropic driving force is offset by the electric fields estab-
lished across the interface—at equilibrium, this internal field 
can be as high as 600 V m−1 and exists in the absence of any bias 
(Figure 2c). Importantly, under bias, when negative potential is 
applied to the AuTMA layer, the counterions of each polarity 
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Figure 2.  Bilayer metal nanoparticle diodes. a) The scheme of a metal nanoparticle diode fabricated by laminating two layers of TMA and MUA AuNPs. 
b) As the two layers are brought into contact, mobile counter ions interdiffuse across the interface and establish an internal electric field. c) Calculated 
distributions of tetramethyl ammonium cations (red) and chloride anions (blue) after equilibration (i). The corresponding potential within the device 
(ii). Electric field is as high as 600 V mm−1 at the interface (iii). Note: The ion concentration is estimated by considering the metal NP core size, 
surface coverage of thiols, and approximately hexagonal arrangement of AuNPs in the film (see Figure S2c in ref. [14]). d) Currents monitored for 200 s  
(the first 12 s are shown) after stepping the potential from 0 to +2 or −2 V. e) Current–voltage characteristics (red markers and bottom and left axes) and 
variation of rectification ratio with AuNP diameter (blue markers, top and right axes). Reproduced with permission.[14] Copyright 2016, Springer Nature.
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are “pushed” closer to the interface and towards each other—in 
this way, the internal field opposing electron flow is increased 
and the electronic conductivity of the material is low (Figure 2d, 
black curve). When the bias is reversed, the counterions are 
pulled away from the interface, the internal field is diminished, 
and the conductivity is higher (Figure  2d, red curve). On the 
microscopic level, the concentrations of electrons in the NPs’ 
cores remain nearly unchanged and the rectification behavior 
can be ascribed to the internal field modulating the heights of 
the barriers the electrons experience when tunneling between 
proximal NP metal cores (the probability of electron tunneling 
is increased in the direction from the MUA to the TMA layers 
and decreased in the opposite direction). With the mathematical 
models describing these phenomena detailed in refs. [13,14],  
we note that because the layers are very thin, the times to 
establish the ionic gradients are significantly shorter than the 
previously described current “steering” devices and the diode 
can be switched on timescales of tens to hundreds of millisec-
onds achieving rectification ratios r ≈ 4. As could be expected, 
increasing thickness of the NP layers decreases the rectifica-
tion ratios (from 7 at 170 nm to 4 at 1330 nm) while increasing 
switching times (correspondingly, from 40 to 290 ms). The rec-
tification ratio can be boosted by increasing the concentration 
of counterions setting up the internal field. In particular, when 
NPs having smaller cores but same ligands are used, there are 
more counterions per unit volume and the rectification ratios 
increase (e.g., from r  =  3 for 10 nm NPs to r  =  11 for 2 nm 
NPs, Figure  2e, blue markers). Another approach to increase 
per volume counterion concentrations could be to use ligands 
presenting multiple charged groups or shorter thiols. In the 
latter case, shorter ligands would also render the edge-to-edge 
spacing between metal cores smaller, thus facilitating interpar-
ticle electron transport;[20] it should be remembered, though, 
that thinner monolayers are less stable under bias.[21]

4. Sensing Elements

Since the passage of electrons between metal cores of proximal 
NPs is very sensitive to the tunneling barriers due to the on-
particle SAMs, small changes in the SAM induced by external 
“stimuli” can be effectively amplified into easily detectable 
electrical signals. This so-called chemoresistance has provided 
basis for various types of sensors for solution-based analytes[22] 
(down to fM, see ref. [22a]) or volatile substances (at the ppm 
levels[23]). Over the years, we have used and extended this prin-
ciple to construct various types of sensing elements—including 
those based on unusual physical phenomena, such as polaron 
trapping[15b] or involvement of both HOMO and LUMO orbitals 
in electron transport[15a]—and ultimately integrated some of 
them into chemoelectronic circuits.

Historically, our first examples focused on photosensors in 
which the film’s conductivity changed upon light irradiation.[15b] 
In particular, when the Au or Ag NPs were stabilized by charged 
ligands, their end-groups formed polaron-like sites capturing 
the electrons and reducing the current through the NP films 
(“negative photoconductance,” see ref. [15b]). The idea of mod-
ulating currents by the charged species captured in between the 
NPs was then expended to ultrasensitive chemical detection. 

Figure  3a illustrates a film of AuNPs covered with two types 
of ligands: n-hexanethiols and alkanethiols terminated in 
oligo(ethylene glycols), EGn, where n denotes the number of 
ethylene glycol units.[15a] These ligands are phase-separated and 
form disjoint domains (often referred to as “stripes” although it 
must be remembered that the regularity of the stipes has been 
a subject of a rather heated controversy[24]). In particular, the 
EGn domains can tightly bind various cations with selectivity of 
this binding (against other, competing ions) depending on the 
number of EG units. When such cations bind, they effectively 
lower the height of the potential barrier between proximal NPs 
and thus facilitate electron transport (Figure 3b).[20a,25] In addi-
tion, it is not necessary to bind cations between every pair of 
nearby NPs to markedly increase the film’s conductivity—in fact, 
forming only one (or few) conductive paths though the film suf-
fices. Consequently, the films exhibit detectable changes in con-
ductance when immersed in ultralow-concentration solutions 
of analytes—with EG3 thiols, the film selectively detects highly 
poisonous methyl mercury down to attomolar levels (versus 
standard detection limits at already toxic ≈ 1 × 10-9 m levels[26]); 
with EG2 thiols, it selectively detects Cd2+ at ≈1 × 10-12 m  
concentrations (Figure 3c).

Accurate sensing is also possible with mixed SAMs not 
forming phase-separated domains. For example, AuNPs sta-
bilized with SAMs comprising N-acetyl-l-cysteine (which 
binds metal ions strongly) and protonated MUA thiols (which 
bind metal ions weakly but enhance binding selectivity) show 
appreciable selectivity toward Ag+ and Pb2+ with 10−13 and 
10−11 m detection limits, respectively (Figure  3d).[14] Addi-
tionally, we demonstrated humidity sensors based on TMA-
stabilized AuNPs and gas sensors based on MUA-covered 
AuNPs nanoparticles.[14] In the former, increase in ambient 
humidity and in the concomitant water content in the film 
translates into reduced magnitude of electrostatic attractions 
between the positively charged particles and the surrounding 
Cl− counterions—in effect, the counterions become more 
mobile and their capacitive migration changes film’s apparent 
conductivity. When humidity increases from ≈0% to 100%, the 
apparent conductivity increases by a remarkable four orders 
of magnitude. The chemically modulated mobility of coun-
terions is also operative in MUA-based gas sensors. When a 
layer of protonated MUA nanoparticles is exposed to flowing 
ammonia gas, the acid–base reaction produces mobile ammo-
nium counterions. These ions give rise to ionic current, effec-
tively decreasing the resistance by three to four orders of 
magnitude.

5. Chemoelectronic Logic Circuits

The last step of our effort has been integration of the individual 
elements into full circuits performing logical operations on 
various combinations of chemical inputs (Figure  4a).[14] Ini-
tially, we combined the bilayer diodes and resistors (the latter 
made of uncharged AuNPs) into the “AND” and “OR” logic 
gates. The circuit schemes are illustrated in the upper por-
tion of Figure  4b while their experimental characteristics are 
shown in Figure 4c—for the “AND” gate, high output potential 
(“1”) is recorded only when both “A” and “B” inputs are at high 
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potentials; for the “OR” gate, however, the output is “1” when 
either “A” or “B” inputs are at high potential. Subsequently, 
we combined the “OR” and “NOR” gates (lower portion of 
Figure 4b) with inputs from NP-based humidity and NH3/HCl 
gas sensors (Figure  4d), humidity and silver cation sensors 
(Figure 4e), and lead and chromium cation sensors (Figure 4f). 
In these circuits, the input “0” and “1” states corresponded to, 
respectively, the low (≈0%) and high humidity (≈100%), expo-
sure to HCl/NH3 gas, or absence versus presence of cations. 
In the “OR” circuit, the output was at low potential only when 
both inputs were “0” (for example, ≈0% humidity and absence 
of Ag+ in Figure  4e). In the “NOR” circuit, the output was at 
high potential only when both inputs were at “0” states (e.g., 
absence of both Pb2+ and Cr3+ cations in Figure 4f). The sensors  
gave these readings within ≈1 s from the exposure to signals 
and were reusable multiple times when washed with solutions 
of chelating agents (e.g., EDTANa).

While many other combinations and more inputs can be 
easily envisioned, one needs to consider whether such exten-
sions would not entail manufacturing complications. In this 
regard, the ease with which the circuits are made needs to be 

emphasized—they are simply cast from ethanolic solutions 
and left to dry. While, so far, we have been “pipetting” the  
devices manually, we can easily envision ink-jet printing them 
at much higher speeds and much better spatial resolutions. 
Another aspect worth mentioning is that the devices are really 
hard to break mechanically—because of their granular nature, 
films deposited onto flexible substrates can be bent by ≈45° 
(Figure 4a inset, blue photograph) yet they still function prop-
erly and are quite resilient over many bending/unbending 
cycles. Last but not least, the circuits are completely nontoxic 
as the constituent gold AuNPs are not only benign but also ben-
eficial, exhibiting antibacterial properties (for Gram-selective 
properties of charged AuNPs similar to those we use here, see 
ref. [27]).

6. Extensions and Outlook

The ideas outlined above are gradually getting traction in 
the community and new, often quite ingenious applications 
of modulated conductance though NP films emerge. For 
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Figure 3.  Films of metal nanoparticles in sensing applications. a) Scheme of a film of the so-called “striped” AuNPs used for ultrasensitive cation 
detection. b) Qualitative energy barriers between proximal NPs experienced by the tunneling electrons without (red) and with (blue) cations captured 
into the SAM. c) Selectivity of “striped” AuNPs decorated with HT/EG3 SAMs towards different cations. Inset illustrates the sensitivity of AuNPs 
covered with HT/EG3 SAM in detecting CH3Hg+ and of AuNPs covered with HT/EG2 SAM in detecting Cd2+. Current ratios are the ratios of currents 
recorded in the presence versus the absence of cations. Control devices correspond to nanoparticles covered with disordered/non-striped SAMs of 
the same composition. Error bars are calculated based on at least 12 independent devices. The sensitivity limits of the devices were determined by the 
two-sample t-test as the concentration of cations in solution at which the ratio of NP film’s conductivity (current ratio) was greater than unity at the 
99% confidence level. This confidence level corresponds to the t-statistic value smaller than “2.5” (or p-value larger than “0.01” and degree of freedom 
(df) larger than “22”). For detailed description see ref. [15a]. d) Selectivity of cation sensors based on AuNPs decorated with mixed SAMs of N-acetyl-l-
cysteine and protonated MUA thiols. All metal cations are tested at a concentration of 1 × 10-3 m except for CH3Hg+ (0.1 × 10-3 m). a,c) Reproduced 
with permission.[15a] Copyright 2012, Springer Nature. d) Reproduced with permission.[14] Copyright 2016, Springer Nature.
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example, Zhang et  al.[28] used MUA-covered AuNPs to detect  
Hg2+ selectively (at 0.1 × 10-9 m levels), whereas Lin et  al.[29] 
enhanced the conductivity changes by coupling NPs to the 
material’s mechanical response. In Lin’s system, AuNPs pre-
senting aptamers having high affinity to specific macromo-
lecular targets were attached to polymer chains. Binding of 
the targets in-between the NPs caused the shrinkage of the 
polymer matrix, in effect bringing the AuNPs closer together 
and increasing material’s conductivity. In this way, the binding 
effect was amplified, and the sensors could detect thrombin 
at attomolar concentrations or low-molecular-weight anatoxin 
at the 10−14 m level, in both cases selectively and reproducibly. 
There has also been progress in understanding the physics 
underlying chemoelectronic systems. In an interesting study, 
Rotello and co-workers[30] used impedance spectroscopy to 

probe the behavior of AuNP films under periodic ac bias, 
and were able to distinguish the ionic and electronic charge-
transport components for different particle-stabilizing ligands. 
Boon and de la Cruz performed simulations[31] based on the 
Nernst–Planck model to demonstrate the feasibility of a field-
effect transistor based on immobile polyelectrolyte (akin to 
our immobile charged NPs) and mobile counterions. This 
theoretical work links with our ongoing experimental effort on 
progressing from chemoelectronic diodes to transistors, which 
has proven quite difficult. For bipolar junction transistor 
(n–p–n or p–n–p), the major problem has been the controlled 
deposition and wiring of a very thin middle-layer base. For 
field-effect transistors (FETs), we initially had to apply relatively 
large potentials (to achieve rapid response and sharp counte-
rion gradients) which, unfortunately, damaged the NPs—we 
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Figure 4.  Logic gates and “chemoelectronic” circuits made of metal nanoparticles. a) A photograph of a typical circuit comprising two types of sen-
sors (each in duplicate at the “arms” of the two golden “forks”) and two diodes (square elements in the center). The diodes are fully embedded in 
PDMS; the sensors have their top surface open to the atmosphere. The inset is the photograph of device upon mechanical bending. Scale bar = 1 cm. 
b) Schemes and c–f) performance characteristics of the AND, OR, and NOR logic gates assembled from all-gold-nanoparticle components—diodes, 
sensors, and resistors. The devices comprised (c), diodes and resistors, (d–f), diodes, resistors and various pairs of NP sensors. In all gates, an 
input of “0”/“1” represents 0/2 volts, low/high humidity, HCl/NH3 gas, and the absence/presence of the metal ions. Reproduced with permission.[14] 
Copyright 2016, Springer Nature.
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solved this problem recently using porous high-capacitance 
carbon electrodes and the paper on the topic is forthcoming. 
The advantages of such electrodes are evident also in our most 
recent work[18] in which we made diodes using just one type 
of charged NPs (positively charged TMA AuNPs) but sand-
wiched between two different electrodes, Au and porous gra-
phene/carbon nanotube composite (G/CNT). The role of the 
G/CNT electrode is to absorb the Cl− counterions stripped 
under bias from the NPs. In this way, much steeper counte-
rion gradients within AuNP layer can be achieved, translating 
into significantly improved rectification ratios (up to ≈50) and 
much shorter switching times (approximately tens of ms for 
currents to saturate and single ms to reach rectification ratios 
of ≈20, see ref. [18]), ultimately allowing the Au-NP-G/CNT 
laminates to transduce 500 kHz radio signals. We note that 
such switching times are already becoming commensurate 
with those of common polymer-based electronics,[16] though 
the rectification ratios are still lower. Also, whereas organic-
electronics materials can be used for information storage 
(including multilevel memories[32]), our counterion gradients 
dissipate with time, erasing any spatially-encoded information. 
To be useful in memory elements, the counterion gradients 
would have to be “frozen” in time, which appears a difficult 
albeit not impossible proposition (e.g., by using organic coun-
terions that could be photo-crosslinked such that their diffu-
sion coefficient decreases markedly). Looking forward, we 
envision chemoelectronics adding a new angle to the effort 
on the so-called nanobioelectronics, to date largely based on 
nanotubes and graphene devices.[33] Because chemoelectronic 
circuits can function in humid/wet environments and the NPs 
can be easily functionalized with various types of ligands[34a]—
including those that interact selectively with cells and those 
that can bind certain metabolites, chemokines, etc., these 
cells emit[34b]—the NP films could simultaneously serve as 
substrates for culture growth and as sensors monitoring, say, 
metabolic activity (with very low detection limits).

Overall, it is evident from our discussion that chemoelec-
tronics is not intended to compete with orders-of-magnitude-
faster semiconductor devices—the timescales for establishing 
ionic gradients, even at very small distances (e.g., across a 
one-NP-thick film), are simply not commensurate with those 
of electronic transitions in semiconductors. On the other 
hand, the ease of chemical functionalization of the NPs 
and the ability to tailor responses of the flexible NP films to 
desired analytes make this form of electronics appealing in 
chemical, mechanochemical, and biological sensing applica-
tions. As we continue our own work on improving the per-
formance characteristics of these unusual nanostructured 
materials, we hope that after reading this article, the readers 
will find more interesting twists to the unveiling story of 
chemoelectronics.
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