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The more laws and restrictions there are, 
The poorer people become. 
The sharper men's weapons, 
The more trouble in the land. 
The more ingenious and clever men are, 
The more strange things happen. 
The more rules and regulations, 
The more thieves and robbers. 
 
Therefore the sage says: 
     I take no action and people are reformed. 
     I enjoy peace and people become honest. 
     I do nothing and people become rich. 
     I have no desires and people return to the good and simple life. 

        Lao Tzu, Tao Te Ching (57) 
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Abstract 
Chemical reactivity is more often than not discussed and studied in the context of mixing 
bulk reactants in a homogeneous media. However, specific applications require confining a 
chemical reaction, or a cascade of reactions, at a precise location and at a certain moment. 
For instance, localizing chemical reactivity is required to maintain life – a state of low 
entropy or high organization – and all biological systems rely on chemical triggers that are 
accurately addressed and confined in space and time. Mimicking such natural processes by 
triggering or stopping chemical reactions in precisely selected areas have answered 
everlasting questions of molecular and cell biology. The spatiotemporal control of chemical 
reactions is also a central feature to man-made systems; many current technologies, ranging 
from biomedicine to photolithography pivots around means of spatiotemporally controlling 
chemical reactivity. However, with the notable exception of photochemical reactions and 
physical probes, triggering transient chemical changes at a specific microscopic site over a 
macroscopic substrate is generally not technically viable and remains an unmet challenge. 

Focusing mainly on heterogeneous redox chemistry, this thesis shows that chemical reactions 
can be addressed with spatiotemporal control on a semiconductor surface without the need of 
physical probes or photochemical reactions. The work reported in this thesis takes advantage 
of the property of semiconductors to generate charge carriers upon illumination. Driven by an 
electric field, the photogenerated charge carriers are transferred to redox species in the 
solution in contact with the semiconductor surface. A focused light stimulus is used to 
generate localized transient fluxes of charge carriers, hence triggering a chemical change in 
the species near the interface with spatiotemporal resolution. Since light is merely used to 
generate localized hot-spots on the semiconductor, the excitation light is not required to pass 
through the liquid sample, keeping it under ‘dark’ conditions if desired. 

The first part of this thesis describes the design, functioning and scope of the experimental 
setup used throughout this study. A light projection system is built around a ferroelectric 
liquid crystal on silicon spatial light modulator and provides a means to project any arbitrary 
user-defined image, or sequence of images, with high spatial and temporal resolution and 
flexibility of the light stimulus, not otherwise possible using for instance a travelling light 
pointer. 

This principle is initially demonstrated for the electrochemical printing of nanoparticle arrays. 
A user-defined monochromic image projected on a silicon surface defines the deposition 
area. Nanoparticle arrays are formed in a single-step, within seconds, with a resolution of few 
microns, and without the need of physical masks or templates. It also allows controlling the 
polyhedral shape, spacing and size of the nanoparticles over space, and is parallel, meaning, 
for example, that it is possible to guide the exclusive growth of octahedral particles in an area 
while cubic particles grow in another area at the same time. 

Furthermore, shining light on a semiconductor to localize a redox reaction was used to 
interrogate its surface activity. The photocurrent recorded is linked to the local surface 
activity, and was used to construct redox chemical microscopy images. Images were acquired 
at a rate of one frame per minute by sequentially illuminating the photoconductor substrate. 

Finally, driving and reading redox reactions over space using light was also explored in the 
context of chemical analysis. Analytical models were developed to interpret the photocurrent 
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– voltage data acquired for species strongly adsorbed on the semiconductor surface. These 
models are fundamental for a complete understanding of the electron transfer at illuminated 
photoconductors and for a right interpretation of the current – potential curves obtained under 
localized illumination. 
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Chapter 1: Overview 
1.1 Introduction 

This thesis explores the spatiotemporal confinement of redox reactions at the silicon–liquid interface 
by a localized light beam. Strategies to guide locally redox reactivity or to obtain information of the 
surface activity have been traditionally attained by using multielectrode arrays and scanning probes. 
Such methods have proved powerful for a host of applications, including chemical and biological 
analysis, microstructuring, electrocatalysis, corrosion, energy conversion and kinetics. However, these 
approaches do not remain free of constrains: they rely in scanning probes, structured surfaces and 
connected pads. The strategy I explore in this thesis requires simply an unstructured semiconductor 
surface and a focused light beam to confine a redox reaction at the semiconductor–liquid interface. 
The purpose of this thesis is to explore the experimental and theoretical framework necessary to 
develop this concept, providing proof of principle examples and outlining their applications to 
different fields. 

1.2 Thesis outline 

The introductory Chapter 1, in the form of Paper 1, provides the reader with the theoretical 
background for the spatiotemporal confinement of redox reactions at the semiconductor–liquid 
interface by a focused light beam. It highlights the advantages this approach offers over methods 
traditionally used for confining charge transfer reactions to a discrete area of a surface (e.g. scanning 
probes and multielectrode arrays). The chapter also explores the applications of “light-activated 
electrochemistry” to a range of different fields, namely micropatterning, chemical analysis, 
microscopy, generation of chemical gradients and cell biology. Chapter 1 also presents a 
comprehensive and up-to-date literature review of the field. 

The following chapters (Chapters 2–4) are concerned with the experimental work undertaken in this 
thesis. Chapter 2, in the form of Paper 2, describes the engineering of the experimental set-up and 
demonstrates its working principles in the context of both addressing and reading redox reactions in 
2D. Chapter 3, in the form of Papers 3‒5, focuses on the micropatterning of chemical structures on a 
substrate, i.e. ‘electrochemical writing’. Chapter 4, in the form of Papers 6 and 7, expands on the 2D 
detection of redox reactions, i.e. ‘electrochemical reading’. The proof-of-concept examples shown in 
Chapters 2–4 highlight applications in different fields, such as surface micropatterning for hiding 
encrypted information, nanoelectronics for making single-particle circuits, microscopy for obtaining 
surface activity and chemical sensing. The conclusions drawn from this thesis are summarized in 
Chapter 5. Finally, Chapter 6 explores the future prospects of the field. 

1.3 Literature review – Paper 1 

The use of light to influence the reactivity of a redox reaction at the semiconductor–liquid interface is 
a mature area of research; a redox reaction can be initiated when charge carriers are generated upon 
illumination of the semiconductor surface (Finklea 1988). This suggests the redox reactivity can be 
confined in 2D by using local illumination. Indeed, techniques developed in the 70s – 80s for the 
photoelectrochemical patterning of semiconductor electrodes and photocurrent microscopy of 
corroding metal electrodes make use of this principle (Inoue, Fujishima et al. 1978, Inoue, Fujishima 
et al. 1980, Rose, Micheels et al. 1982, Butler 1983, Okano, Itoh et al. 1987, Yoneyama, Kawai et al. 
1988). However, this approach remained in a restricted and highly specialized area of research with a 
limited reach. Photoelectrochemical microscopy has been mainly used to study photocorrosion 
processes, due to the low stability of most semiconductors under environmental conditions and 
applied bias. Photoelectrochemical patterning has not received much attention, possibly because the 
inconvenience of using a scanning light pointer which limits its implementation to the industrial level. 
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In this thesis, I have shown a powerful concept to confine redox reactions in 2D, reaching a wide 
range of research areas and applications.  

With the advent of digital micromirror devices and spatial-light modulators that replace the sequential 
nature of a scanning light pointer, the application of photoelectrochemical patterning might become 
an attractive and complementary approach to more traditional micropatterning methods such as inkjet 
printers (Calvert 2001) and photolithography (Ito and Okazaki 2000). Moreover, advances in surface 
chemistry allow forming stable monolayers on silicon semiconductor electrodes to be used under 
environmental conditions (Ciampi, Harper et al. 2010). This has made possible the development of 
platforms for chemical analysis and cell biology (Ciampi, Harper et al. 2010).  

Paper 1 introduces to the scientific community the concept of light-addressable electrochemistry, i.e. 
the spatiotemporal confinement of redox reactions at the semiconductor–liquid interface by light, and 
provides a comprehensive review of the advances made in this area. The structure of Paper 1 is as 
follows: Section 1 starts with a general introduction that discusses traditional approaches of 
addressing electrochemical reactions with spatial resolution; it outlines the strengths of such methods 
and how the concept introduced here addresses some of their limitations. Section 2 and 3 covers the 
fundamentals of photoelectrochemistry and the 2D confinement of photoelectrochemical reactions, 
respectively. Section 4 reviews photoelectrode materials of interest in the field. Section 5 explores the 
“electrochemical writing” capabilities of the concept, while Section 6 and 7 focus on “electrochemical 
reading”. Section 8 examines the generation of chemical gradients. The paper concludes with an 
outlook of the field, highlighting challenges and future applications. 
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Chapter 2: Experimental set-up – Paper 2 
Chapter 2, in the form of Paper 2, describes the principles, design and proof-of-concept applications 
of a projection system microdisplay in order to address electrochemical reactions with spatial and 
temporal resolution on a non-structured macroscopic silicon electrode.  

Many of the recent conceptual and technical advances in the fields of catalysis, energy and sensing 
have been linked to advances in our ability to quantify adventitious or deliberate two-dimensional 
inhomogeneity of an electrified interface. Addressing and monitoring electrochemical reactions in two 
dimensions is usually achieved by either using multi-electrode arrays (MEAs) or the scanning 
electrochemical microscope (SECM). MEAs and SECM have become commonly used tools for 
substrate modification and characterization and have helped the field of redox imaging in making 
tremendous advances over the last three decades. The SECM maps the substrate local electrochemical 
activity requiring the use of just a single pad connection, in contrast to the multiple connections used 
for the MEAs that are difficult to implement and take considerable space. Techniques such as the 
SECM can now claim spatial resolution down to few nanometers, and imaging speed as high as few 
seconds per frame. However, it presents the intrinsic characteristics of a scanning probe method: 
moving parts, possible disturbance of the experimental conditions (e.g. hydrodynamic forces) and the 
requirement to pass from all the points when travelling to two different spatial coordinates. Further, 
the investigating “probe” is approaching the electrode from the electrolyte side, and this is because we 
have a critical requisite of a one-electrode/one-wire, i.e. we are only able to turn-on the entire 
conductive interface and then raster our "probe" to a specific site. 

SECM still reigns supreme as electrochemical microscopy, and likely to be so for years to come, but 
one could envision a serious simplification of these rather sophisticated redox imaging techniques by 
shifting the tenet of one-electrode/one-wire toward one-wire/many-electrodes,- i.e. turning an 
insulator into a conductor only at one specific site defined by the experimentalist. 

The concept and device described here has no moving parts and it is aimed at expanding the 
capabilities of electrochemical imaging. The optical/electrochemical device is composed of a 
“microdisplay” made up from over 3 million (2048 × 1536) discrete and adjacent (0.24 µm of 
interspacing) ferroelectric liquid crystal elements (FLCoS), each being a square of 7.96 µm in width. 
Each one of these FLCoS can be individually controlled to modulate the overall light polarization of 
the beam through the physical principle of birefringence according to electrically induced changes of 
the liquid crystal orientation. Two proof-of-principle examples are given of the scope of this FLCoS-
based “microdisplay” in electrochemical imaging. In the first example, it is used as a substrate 
modification tool, to fabricate patterns of Cu2O particles of arbitrary shape and segregating particles 
of different morphology over space. In the second example, it is used as an electrochemical 
microscope to characterize the patterned surfaces in terms of electrocatalytic oxidation of methanol, 
which is known to be a strong function on the particles’ morphology. These two examples are chosen 
as a demonstration of the capabilities of such device, which uses could be expanded to other 
semiconducting materials for micropatterning of different materials, from metals to polymers, to the 
trapping of living cells, or mapping different electrochemical reactions, proving the catalytic activity 
of new materials and used as a multi-analysis sensor tool. 

The experimental set-up described here is used in next chapter to explore the concept of light-
addressable electrochemistry in the context of surface micropatterning. 
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Chapter 3: Electrochemical writing – Papers 3–5 
Chapter 3, in the form of Papers 3–5, explores the scope of the confinement in 2D of 
photoelectrochemical reactions as a platform for new forms of lithography. Specifically, it deals with 
controlling in two dimensions the growth of nanoparticle arrays. This is done by means of modulating 
the nanoparticle growth kinetics at the semiconductor–liquid interface, by using the combined stimuli 
of potential and light. The selected illuminated regions define the deposition area, converting any 
user-defined image into an array of nanoparticles within seconds. This is a paradigm-shift away from 
the central tenet in electrochemical lithography of guiding the discharge of metal ions in 2D by means 
of physical masking, chemical templates or multi-electrode arrays. It also offers an attractive 
alternative to established printing technologies, such as photolithography and inkjet printers. It has 
immediate implications in the design of metallic–semiconducting patterns on either photoconductors 
or semiconductor electrodes and it paves a simple and scalable path to a new form of 
photoelectrochemical lithography. 

First, Paper 3 explores the deposition of gold nanoparticle arrays and the effect of light and potential 
in the nucleation mode. We first investigated the experimental conditions to switch ON the 
nanoparticle growth by light. This was accomplished by using a gold complex which deposition 
potential lies in the depletion regime of the semiconductor–liquid interface. However, although it was 
possible the ON–OFF switching of the nanoparticle growth by illumination, the deposited 
nanoparticles did not follow the illuminated areas and gold nanoparticles were found in dark regions 
far away from the illuminated area. Further investigations revealed the stripping of nanoparticles by 
hydrogen bubbles generated from the reduction of protons, which occurs in parallel to the 
nanoparticle growth process, leading to the displacement and aggregation of nanoparticles far away 
from the illuminated region. A workaround to that problem is to use conditions non-favourable for 
hydrogen evolution: a metal ion with a more positive deposition potential and less favourable towards 
the hydrogen evolution reaction such as the reduction of cupric to cuprous ions.  

Paper 3 also presents the theoretical and experimental insights gained on gold and cuprous oxide 
particles electrodeposition at Si(100). We analysed to what extent the available theoretical models that 
describe the relationship between metal nucleation modes and electrolysis current–time transients can 
be applied to photocathodes. With the exception of very short electrolysis times and very low particle 
densities, the established models appear to have very limited predictive power on the experimental 
outcome of metal nucleation at photocathodes. Hydrodynamic forces due to hydrogen evolution 
appear to be significant even at very high pH, to the point of leading to poor control on particle 
numbers and densities. We describe the limited range of experimental conditions (i.e. metal type, 
electrolysis times and overpotentials) where, for silicon photocathodes and with only minor 
modifications of established models, the experimental nucleation outcome can be predicted simply 
from the analysis of current transients.  

Because of the limitations of gold deposition described in Paper 3, we focused and explored the 
deposition of cuprous oxide nanoparticles. Paper 4 and 5 demonstrate the printing of Cu2O 
nanocrystal micropatterns with 2D control on its polyhedral shapes, interparticle distance and 
nanoparticle volume. The geometry of the patterns as well as the sizes, shapes and spacing between 
particles are all simultaneously defined by the interplay of only two experimental “clean” stimuli: 
light intensity and voltages. The work challenges the more traditional views on crystal growth that 
have held that efforts to control the shape of nanocrystals hinge around chemical means only. Paper 4 
and 5 show that it is possible to use voltages to modulate the anisotropic interactions between 
additives and surfaces, hence predictably linking near-surface electric fields to the shape of 
nanocrystals. This observation was first reported in Paper 5 and further developed in Paper 4. We 
were guided by a recent theoretical study to suggest the possibility of such a link (Bonnet and Marzari 
2013) and an important part of this work is indeed the missing experimental scrutiny of a relationship 



32 
 

between bias-dependent isothermal adsorption of charged species and changes to surface energies. We 
demonstrate the realization of what has been to date only a theoretical exercise and we show the 
practical implications of this concept by using the growth of Cu2O particles as a technologically 
relevant example. It also follows that the Coulombic component in the electro-adsorption of trace 
impurities can now explain several of the scattered observations and poorly-reproducible data 
reported in the literature and the fine control and predictive power over the shapes that we show here 
for Cu2O particles is a scenario that can be extended to the synthesis of other materials. For example, 
hydrogen is known to adsorb preferentially on the Pt‹100› face and electrostatics could be the cause 
behind the unexplained high “cubicity” reported for particles growing when hydrogen permeates 
towards the cathode across fuel cells membranes.  

The ability to fine tune in 2D the nanocrystal shape and nanoparticle size and density was used in 
Paper 4 for encrypting information in Cu2O nanocrystal arrays by specifically locating nanocrystals 
with a range of shapes in regions defined by the experimentalist.  

Paper 5 focuses on using these arrays to explore the electrical performance of nanodiodes formed by 
contacting them with a Pt nanotip on specific locations of the nanoparticle. The precise nanoscale 
sliding of the electrical wiring made to a polyhedral Cu2O nanocrystal can govern the degree of 
current asymmetry across the whole p-n junction. This is a paradigm-shift away from the central tenet 
in semiconductor physics of rectification changes by changes to band alignments, nature/alloying of 
the junction and/or changes to surface states. It has immediate implications in the design of 
diodes/transistors based on single-particle circuitry. By precisely defining the “landing site” of a small 
electrical contact to a polyhedral nanocrystal the degree of current asymmetry becomes a predictable 
function of a set of geometric considerations, showing that a large set of in-built discrete electrical 
signatures co-exist, and can be harnessed, within individual diodes. By overcoming the technical and 
conceptual hurdles of i) wiring a single-entity diode at a precise and reproducible x-y-z location, ii) 
accessing statistically-significant data on electrical mapping at the sub-micrometer scale and iii) by 
controlling particles shapes and densities within the same sample, without changes to additives, and 
with no use of organic capping agents nor templating (all of which will inevitably introduce electrical 
“artefacts”) multiple electrical signatures can be resolved. This is done by high-resolution electron 
tunneling imaging and constant-force current‒potential analysis in AFM, at room temperature and in 
air.  

It was also found in Paper 5 that the electrical conductivity of the Cu2O crystals on the (111) face is 
one order of magnitude higher than the (100) face. This result is in contrast to the higher redox 
activity towards the methanol oxidation for Cu2O (100) faces found in Paper 2. This result points out 
that factors other than purely electrical contribute to the surface activity, such as facet dependent 
adsorption energies. 
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Chapter 4: Electrochemical reading – Papers 6 and 7 
Chapter 4, in the form of Papers 6 and 7, is concerned with obtaining information from the redox 
reactions at the semiconductor–liquid interface initiated by a light stimulus. They present the 
development of analytical models for the interpretation of photocurrent–potential voltammetric curves 
of redox monolayers strongly adsorbed on semiconductor substrates. Cyclic voltammetry is by far the 
prime and most widely used form of electrochemical spectroscopy (i.e. simple, ubiquitous and 
informative), however models available for the analysis of cyclic voltammetry at semiconductor 
electrodes fall short of capturing all of the factors at play at the electrified interface. The models 
presented in this chapter are relevant for the development of sensing arrays in the context of light 
addressable electrochemistry. They provide a means for the interpretation and analysis of the obtained 
signals, opening up light-addressable electrochemistry for chemical and biological analysis. 

Paper 6 focuses on the electrostatic interactions sensed by the attached redox molecules, which were 
found to distort significantly the obtained photocurrent–potential voltammetric curves. Non-idealities, 
such as narrow waves (i.e. fwhm < 90.6 mV) and “inverted” peak positions (i.e. Epeak cathodic < Epeak 

anodic), are often overlooked as flaws. We show that these are not flawed data, but instead they become 
very reproducible current responses under precise tuning of the electrode kinetics. We explain these 
non-idealities as a predictable manifestation of electrostatic interactions between surface-bound 
molecules and the semiconductor’s space charge layer.  

Paper 6 establishes the first link between dynamic electrochemical currents and the electrostatics of a 
semiconductor–liquid interface. The theoretical model developed, and benchmarked against 
experimental data, reveals a lack of correct knowledge regarding the voltammetry of semiconductors. 
It highlights that a correct kinetics analysis of electron-transfer reactions at semiconductors needs the 
addition of electrostatic effects. Commonly used kinetic models based on the analysis of peak 
positions in voltammograms must either be revised to take into account for electrostatics on Frumkin 
isotherm and surface diode, or the experimentalist must take precautions to limit this type of effects. 

To substantiate this last point – i.e. electrostatic interactions at redox molecular films are ubiquitous 
but most often overlooked – we note that in July 2017 Nature Nanotechnology published an article 
“breaking” the rectification record for molecular layers on metals (from ca 103 to ca 105) by means of 
harnessing the interactions between charged ferrocenes assembled as a molecular layer on a metal 
surface and the excess of surface charges on a contacting top electrode (Chen, Roemer et al. 2017). 
The article is an elegant demonstration of the magnitude of electrostatic forces experienced by redox 
tethers at a gold “dry” electrode and it will no doubt stimulate similar high-impact lines of research in 
molecular electronics. The data and models presented in Paper 6 allow, for the first time, scientists 
working with a more technologically relevant semiconducting material, such as silicon, and using 
more common “wet” systems (silicon electrode–molecular layer–electrolyte) to first detect, then 
quantify and eventually manipulate these effects.  

The models in Paper 6 will now, for example, make it possible to assess very rapidly via cyclic 
voltammetry how factors such as solvent dielectric (i.e. electrostatic screening) or molecular length 
(i.e. kinetic factors and screening) play together defining the electrostatic forces experienced by an 
average molecule in a molecular layer. For instance, under the conditions where the attractions 
between molecules and semiconductor are gauged by voltammetry to be the largest, then the exact 
same sample could be analysed at the single-molecule level, with the rectification ratio expected to 
track the electrostatic measurement. 

Paper 6 has also immediate implications for the design of model systems for the study of how static 
surface charges or externally applied electric fields can influence chemical bonding and reactivity, an 
area that is beginning to attract enormous interest (Aragonès, Haworth et al. 2016, Shaik, Mandal et 
al. 2016, Chen, Roemer et al. 2017). 
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Paper 7 details the effects of scan rate, light intensity, kinetics and electrostatic interactions on the 
voltammetric curves of electroactive monolayers adsorbed on semiconductor electrodes. It shows that 
for a correct kinetic analysis of voltammetry data, the potential distribution at the semiconductor 
electrode, and dynamic lateral intermolecular interactions, need to be simultaneously accounted for. 
The results – experiments and models – suggest that reported electron-transfer kinetic constants 
obtained for semiconductor electrodes are an underestimate of their actual values.  

Where there is the need to gain insights on charge transfer kinetics, either in energy conversion, 
catalysis or molecular electronics, the scientist or the engineer require an analytical tool for the 
measurement. In this context, voltammetry still reigns supreme, and Paper 7 provides an analytical 
step-by-step solution that makes a limited number of assumptions and is easily implemented in 
common mathematical software. 
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Chapter 5: Conclusions 
In summary, this thesis has developed the concept of light-addressable electrochemistry for the 
spatiotemporal control of chemical reactions. A focused light beam is used as a stimulus to generate 
and localize charge carriers on a semiconductor surface. These charge carriers are driven by an 
electric field and transfer to redox species present in the solution at the semiconductor interface, 
changing their oxidation state. The redox reaction can initiate a series of chemical changes, therefore 
proving the spatiotemporal confinement of chemical redox and non-redox reactions. For example, the 
reduction of Cu(II) to Cu(I) initiates a hydrolysis reaction to form Cu2O nanocrystals. The obtained 
results showed this to be an attractive approach for the localization of chemical reactions in a wide 
range of areas and applications. 

Chapter 1 explained the chemical-physical principles behind this concept developed and provides a 
comprehensive literature review of the field. 

In Chapter 2 is detailed the engineering of the experimental set up used throughout this thesis to 
develop the concept of light-addressable electrochemistry. The illumination is spatially defined by a 
ferroelectric liquid crystal on silicon spatial light modulator. This device, in the current set-up, allows 
to project user-defined monochromic images and sequences of images with a spatial resolution of 4 
µm. The light is shined on the wet-side of the semiconductor electrode, after passing through an 
indium tin oxide glass counter electrode and the electrolyte, in a custom-built electrochemical cell 
with a conventional three electrodes setup. First examples of the use of this device are provided for 
microprinting and electrochemical microscopy.  

Chapter 3 developed the concept of light-addressable electrochemistry in the context of surface 
patterning. It described a printing technology that is non-contact (uses the combined stimulus of light 
and potential), fast (large patterns are created in few seconds), scalable and low cost. Large arrays of 
Cu2O nanocrystals with adjustable polyhedral shapes, size and interparticle spacing were printed. The 
nanocrystal geometry was found to be a function of the potential, light intensity and halide 
concentration. This concept allowed encrypting information by hiding polyhedral signatures inside a 
large nanocrystal array. It also allowed creating a single physical entity expressing a range of 
electrical diodes, thereby opening up the concept of single particle nano-circuitry.  

Finally, Chapter 4 focused on reading electrochemical reactions by using light to activate a 
semiconductor substrate. One of the most popular and powerful tools to study electrochemical 
reactions is cyclic voltammetry. Theoretical models were developed in order to describe the current – 
potential behaviour of a heterogeneous electron transfer reaction of species strongly adsorbed on a 
semiconductor electrode under depletion and illumination. These models allowed interpreting the 
voltammetric curves obtained on photoelectrodes under different light intensity and scan rates. They 
also described a systematic analysis to separate charge-transfer kinetics from diode effects and 
electrostatic interactions, providing an analytical tool to be used for the development of chemical and 
biological sensors. 
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Chapter 6: Outlook 
This thesis shows proof of principle examples of light-addressable electrochemistry to attain 
spatiotemporal control of chemical reactions, and its potential applications in micropatterning, 
chemical analysis and redox microscopy. Here it was developed the instrumentation and theory 
necessary for this to be possible, with the hope the field takes popularity and momentum. 
Anticipations of the impact in science and society are difficult to foresee because of the prematurity of 
the field. There is still much to be understood and explored, and new areas of research and 
applications will open up with the advance of the field. 

Photoelectrochemical patterning offers an attractive printing technology for creating microstructures 
that is fast, economic and scalable. It offers the possibility for low-cost mass production of microchips 
as it uses commercially available silicon wafers, a microprojection system and a single potentiostat, 
working under low energy and standard lab conditions (room temperature and atmospheric pressure). 
In contrast to conventional photolithography, it does not require multiple steps, aggressive chemicals 
and premade templates. It is non-sequential, does not need the preparation of inks and avoids the 
‘coffee ring’ effect, all characteristics of inkjet printing technologies. Still, the area of 
photoelectrochemical printing needs to demonstrate its application for a variety of microstructures 
beyond the few that have been proved to date, namely metals, metal oxides and polymers patterns. For 
example, the selective attachment of molecules on surfaces could be accomplished by the reduction of 
diazonium salts directly on silicon surfaces (Peiris, Vogel et al. 2019), or through ‘click’ chemistry 
reactions (Ku, Wong et al. 2008). There is also the need to improve the printing resolution, in theory 
limited by the diffraction limit of the light, in order to make it an attractive technique for potential 
real-world applications. 

The use of light-addressable electrochemistry for electrochemical microscopy expands and addresses 
some of the limitations of scanning electrochemical microscopy. Being scanning and probe free it 
avoids the disturbance of the system (e.g. hydrodynamic forces), and provides direct information from 
the substrate “point of view”, without the need to account for tip geometry and sample topography. 
Redox activity imaging has a great potential especially for bioimaging and energy conversion 
applications, but the implementation in these areas still needs to be demonstrated for diverse practical 
cases. 

Light-driven sensors are of special interest because offer a clean and adaptable stimulus, with the 
ability to perform equivalent analysis of conventional electrode arrays but without requiring a 
predetermined architecture. Instead, they use a single connection to an unstructured surface where 
each element of the array can be temporarily formed with a light stimulus. A case of special interest 
could be for its use in biological sensing, as the active area can be chosen in situ so that it matches the 
area of interest of tissues or single cells. This thesis presents the development of analytical models to 
interpret the signal output that is needed for the detection of chemical species when using these light-
addressable platforms. These models are also of relevance in semiconductor electrochemistry for a 
correct analysis of the electron transfer kinetics and the quantification of electrostatic effects. 

This concept is by no way limited to redox reactions. A cascade of chemical (non-redox) reactions or 
physical interactions can be initiated from an electron transfer. For example, the oxidation of water 
produces a local pH change that can induce a polymerization reaction or a protein reorientation. 

There is also a great potential of this concept in the field of optical microscopy. Specifically, it could 
provide a means for the spatiotemporal control of chemiluminescent reactions. Unlike fluorescence, 
spatiotemporal control of chemiluminescence is challenging, and the technically simple solution of 
converting chemical energy into light energy only at specific sites defined by a light stimulus, is not 
yet a viable option. As a result, fluorescence remains the dominant microscopy technique. However, 
major drawbacks of fluorescence are absent in chemiluminescence, potentially giving it a significant 
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advantage over fluorescence in the field of microscopy. Demonstrating spatiotemporal control of 
chemiluminescence could revolutionize the field of microscopy, and light-addressable 
electrochemistry is a viable approach to do this. 
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