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Promises of the "Nano-World" for Electrochemical Sensing and Energy Devices

Introduction

Does talking about nano to a chemist make sense? Indeed, chemists are "playing" with very small objects (i.e., molecules) for as long as chemistry exists. But it is clear that the "Nano-World" has revolutionized many areas of Chemistry, among them electrochemistry. The reasons are not so much that small is beautiful or the need for miniaturization, but rather that the properties of an object can be intrinsically different when its size becomes smaller than a critical dimension or when its structure/morphology can be tuned at the nanoscale. One can clearly understand that reducing (or increasing) the size by a factor ten in one dimension will contribute to decrease (or enlarge) areas and volumes by a factor of a hundred or a thousand, respectively, with the associated dramatic variations in terms of surface boundary effects or surface-to-volume ratios. Similarly, when introducing a porosity at the nanometre scale (or below) in a solid object, this may not only increase its specific surface area by several orders of magnitude but also modify its intrinsic reactivity compared to a bulk material of the same composition. One example illustrative of the first concept is that of ultramicroelectrodes (µm size or less), which were first designed to local measurements in the human body but have been much more largely used afterwards owing to their unconventional properties, making them likely to be used in poorly conductive media or to enable analytical investigations in the nanosecond time scale, which is not possible with electrodes of conventional size (mm size) [START_REF] Amatore | Molecular electrochemistry of inorganic, bioinorganic and organometallic compounds[END_REF]. Another example to illustrate the second concept is that of nanostructured electrode materials, which are characterized by ultrahigh density of active sites while maintaining a high level of accessibility for effective mass transport, and therefore very attractive for applications in the field of electrochemical sensing or energy storage and conversion, for instance [2][START_REF] Moldoveanu | Handbook of Nanoelectrochemistry[END_REF][START_REF] Manthiram | [END_REF][5]. A third aspect, actually featured by both families of nanomaterials (nanoparticles and nanostructured solids), is related to their electrocatalytic properties induced by their small size and/or structuration at the nanoscale [6]; such catalytic features can accelerate charge transfer reactions and thereby offer benefits to current and future technologies with social relevance where electrochemistry is involved and for which the basic foundations are similar [2,[7][8][9]. Many things have been already made in these directions but, scientifically-peaking, there is still a lot of questions to be answered and many developments calling electrochemists. I'll try to consider very briefly some aspects of two topics in the next paragraphs: sensing and energy, two domains in which electrochemists have great role to play nowadays.

Electrochemical sensing

Electrochemical sensors are a sub-class of chemical sensors that are basically interesting for low-cost, on-site quantification purposes and real-time monitoring, compared to other analytical techniques requiring more sophisticated facilities associated to sample preparation procedures (which are often not simple enough for point-of-care applications). Their ability to determine the concentration of target species, either directly (heavy metals or pesticides, for instance) or indirectly (redox-inactive species involved in biological reactions that can be detected via an electrochemical transduction), makes them promising but at the condition to be sensitive and selective enough and offering an acceptable long-term operational stability.

If the glucose sensors and some other electrochemical biosensors are now established among the commercially successful technologies [10][11][12] and if wearable and/or skin electrochemical sensors appear to be very promising for economically viable applications [13][14][15], there are still a lot of room for improvement. Nanomaterials have proven to be suitable candidates contributing to the evolvement of electrochemical sensing platforms and hundreds of reviews are available dealing with the use of various kinds of electrode modifiers, such as nanoparticles, 2D layered nanomaterials or 3D nanostructures owing to their electrocatalytic response and/or recognition capabilities (see some illustrative examples [16][17][18][19][20][21]). However, the focus of many studies is targeted towards feasibility demonstration, association of multiple nanomaterials for signal amplification, determination of analytical figures of merit and comparing systems between them, etc. but not always with a good knowledge of the associated mechanisms and the objective of real sample analyses (i.e., not intentionally spiked media). Some key issues that are ripe for investigation are: the distinction between real synergistic effects and 'simple' additive contributions in case of using multiple nanocomponents; the elucidation of signal amplification mechanisms, notably with respect to the question of selectivity (e.g., what about the interest of using an electrocatalyst that is active for several species, including possible interference?); an integrative approach might be useful to determine the most adequate electrode modifier(s) for a target analyte (perhaps data mining could help on that matter, providing the analytical procedures and results can be compared); the optimal design of an electrode material exhibiting mass and electron transfer processes as fast as possible (which probably needs to be associated to an effective recognition element to ensure proper selectivity of the sensitive detection); smart sensors based on miniaturized multi-electrodes (lab on chip) associated to artificial intelligence for improving selectivity by cross-talking; or determining the electrochemical behaviour of recently discovered nanomaterials (e.g., non-carbonaceous 2D or 3D materials). This will require more fundamental understanding of both the amplification strategies and the physico-chemical properties of such electrode modifiers [22], as wall as suitable nanoengineering design to build electrochemical sensing devices for environmental or health issues monitoring, which one may hope to be suitably addressed from closer collaborations between materials scientists and electrochemists.

Energy devices

A domain where such close collaboration is perhaps more straightforward is that or energy conversion and storage, probably for historical reasons, which is notably illustrated through the Nobel Prize in Chemistry 2019 for the development of lithium-ion batteries. Indeed, nanomaterials, and especially nanostructured materials, are at the centre of most electrochemistry-related technologies pertaining to energy and, again, hundreds of reviews are available dealing with the attractiveness of the "Nano-World" in developing batteries, capacitors, fuel cells, solar cells or other electrochemical energy-harvesting systems (see some illustrative examples [START_REF] Simon | Nanotechnology for the Energy Challenge[END_REF][START_REF] Gogotsi | [END_REF][25][26][27][28][29]). Optimization of existing technologies and finding of new energy-generation/conversion and storage solutions will certainly require that the researches in support of electrochemistry application in energy should be oriented towards the elucidation of its fundamental aspects. Good practices to evaluate and compare the performance of such devices are also necessary [30]. A sub-domain for which fundamental electrochemical investigations have been particularly useful is that of capacitors, notably via the insightful elucidation of electrical double layer energy storage with microporous carbon electrodes [31]. Just to keep focusing on one aspect of this very wide area of research, a domain where nanoscience and nanotechnology are expected to play a major role in near future is that of supercapacitors, which are energy storage devices with both high energy and power density [32][33][34][35]. The search for new materials likely to increase the energy density of classical electrochemical capacitors (i.e., based on double layer charge/discharge processes) led to the emergence of so-called supercapacitors involving pseudocapacitive materials [36] in which a faradic contribution is added to the conventional capacitive behaviour (the word "pseudocapacitive" is used here even if the border between supercapacitors and batteries is still a matter of debate from the terminological point of view [37,38]). What needs to be done in this case is the design and development of composite materials containing the necessary constituents ensuring a large charge storage capacity along with fast electron transfer rates.

This could be ideally obtained from large area conducting supports (as multi-dimensional carbon nanostructures or more recent two-dimensional materials) carefully modified with thin layers of faradic compounds. Nowadays, such layers are mainly metal monolayers generated by underpotential deposition or insertion/intercalation coatings usually used in batteries but suffering therefore from slow reaction rates (both in terms of electron transfer kinetics or diffusional limitations). Strategies are thus to be found to get large area electrodes uniformly coated with thin films displaying a huge contribution of efficient self-exchangebased charge transfer and fast coupled mass transport [39,40]. A possible avenue would be the molecular engineering of rigid nanostructures with redox sites anchored via flexible arms to enable high electron transfer rates between adjacent electroactive centers whereas the open rigid framework ensures rapid diffusion of counter ions.

Conclusion

Through these two sub-fields of electrochemical science, it is clear that combining the "Nano-World" with electrochemistry has contributed, is still contributing, and will contribute in the future to the development of emerging technologies useful to the human being.

Electrochemistry, as well as nanoscience and nanotechnology, are in their golden age.

Nevertheless, despite the abundance of research funds for applied scientific research, much work has still to be performed in building the fundamentals of these areas, and this is not incompatible as one learned from many successful stories in the past. Moreover, independently on the target applications, the same basics of electrochemistry can be useful in several fields which may appear distant from each other (e.g., similar concepts of electrocatalysis are likely to be exploited in bioelectrochemistry, electrochemical sensing or energy). Hoping it can inspire the younger generation for the future, without forgetting that most glaring discoveries and breakthroughs originate from very simple ideas.
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