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Abstract Surface and small bulk modifications of thin layers greatly affect their properties, e.g., the translation of voltage input to current output. The current intensity is a simple and processable signal, which is exploited by several devices. Some like field-effect transistors have the potential to imitate the human olfactory system; however, more generalised, to give rise to selective and sensitive detection devices for biomolecules. Nevertheless, some other devices like photoelectrochemical cells have the potential to render energy production sustainable.  On the one hand, this work focusses on simple sensing such as live pH detection with a LGFET and aims at controlling the functionalisation of GO used as channel for enhanced device sensitivities. On the other hand, the work also concentrates on the co-doping as valid synergistic approach for the performance improvement of hematite as PEC photoanodic template material. Thermal treatments in different atmospheres lead to a less current-resistant GO which is referred to as rGO. According to the atmosphere, GO can deliver higher sensitivities to pH variations. Upon heating in protected atmosphere by means of a custom-made setup, the current intensity flowing through GO is monitored, and the arising current transients can be followed live. First, it is important that the heat is well conducted from the gas in the setup chamber, hence we see highest resistance and lowest performance upon usage of vacuum atmosphere. Upon comparison of Ar and 2.6% H2/Ar mixture, we see that H2 does not affect chemically GO, though the slightly different behaviour is assigned to a much higher thermal conductivity than Ar only. By contrast, NH3 affects chemically GO towards the lowest resistance and achieving remarkable pH sensitivities. These are comparable with reported rGO pH sensors, where the reducing agent was the reliable hydrazine hydrate.  The temperature ramp turns out crucial for effective defunctionalisation of GO and proper functionalisation of rGO. In fact, by applying a different synthesis method with higher ramp, NH3 leads to a record pH sensitivity hovering around 60 mA pH-1. NH3 might exploit its nucleophilic properties to enter the surface and the C-network of GO; while, contemporaneously, it might also exploit its great solubility and dissolve in the intercalated water that GO carries.  As earlier cited, the second main topic treats co-doping, and this is accomplished in an easy-synthesised photoanode template, i.e., a hematite spin-coated thin film. It is the first time that Sb, Li co-doping is realised, and it is also the first time that direct Sb5+-doping is reported. The addition of the dopants is modest as high as a nominal at. 1%. The Sb5+ oxidation state maintains in the mono- and co-doped samples and addition of Li+ exhibits a 
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synergistic effect on the performance, which is already greatly expanded by Sb5+. At 1.4 V vs RHE, the current increase is 67-fold compared to standard hematite thin film. The benefits might lie predominantly in the higher carrier concentration and a lower surface resistance. The J-V curves do not suggest catalysed surface reaction. Of interest would be the application of the Fe(III)-OEC and reaction with hydrogen peroxide in the electrolyte.  Furthermore, the presence and management of VO in Li+-doped hematite shows curious first results, as if there would be a competition of the two species, in terms of space or photoelectrochemical contribute.  For both projects, I-V or J-V curve characterisation is performed on samples where single variables are sequentially altered. In the rGO FET project, GO current increase is live-monitored, IdsVg measurements are completing the final pH sensing results (Idst). In the co-doping project, J-V curves are recorded without illumination, and additionally by chopping the illumination to extract more information. Results are also backed by comprehensive XPS, XRD, Raman characterisation, and moreover, by supplementary SEM and UV-Vis analysis. More characterisation and few extra sample batches are anyway needed to further strengthen what are still hypotheses.     



III  

Zusammenfassung Oberflächliche und kleine Bulkmodifikationen dünner Schichten beeinflussen ihre Eigenschaften stark, z. B. die Übertragung von Spannungseingang zu Stromausgang. Die Stromstärke ist ein einfaches und verarbeitbares Signal, das von mehreren Geräten verwertet wird. Einige wie Feldeffekttransistoren haben das Potenzial, das menschliche Geruchssystem zu imitieren; jedoch, allgemeiner, um zu selektiven und empfindlichen Nachweisvorrichtungen für Biomoleküle zu führen. Dennoch haben einige andere Geräte wie photoelektrochemische Zellen das Potenzial, die Energieerzeugung nachhaltig zu gestalten.  Einerseits konzentriert sich diese Arbeit auf einfache Sensorik wie die Live-pH-Detektion mit einem LGFET und zielt darauf ab, die Funktionalisierung von GO zu steuern, das als Kanal für verbesserte Geräteempfindlichkeiten verwendet wird. Andererseits konzentriert sich die Arbeit auch auf die Co-Dotierung als validen synergistischen Ansatz zur Leistungssteigerung von Hämatit als photoanodisches PEC-Templatmaterial. Thermische Behandlungen in unterschiedlichen Atmosphären führen zu einem weniger stromfesten GO, das als rGO bezeichnet wird. Je nach Atmosphäre kann GO eine höhere Empfindlichkeit gegenüber pH-Schwankungen liefern. Beim Erhitzen in geschützter Atmosphäre mittels eines maßgeschneiderten Aufbaus wird die Stromstärke, die durch GO fließt, überwacht und die auftretenden Stromtransienten können live verfolgt werden. Erstens ist es wichtig, dass die Wärme vom Gas in der Setup-Kammer gut abgeleitet wird, daher sehen wir den höchsten Widerstand und die niedrigste Leistung bei Verwendung von Vakuumatmosphäre. Beim Vergleich von Ar und 2,6 % H2/Ar-Mischung sehen wir, dass H2 GO chemisch nicht beeinflusst, obwohl das etwas andere Verhalten einer viel höheren Wärmeleitfähigkeit als nur Ar zugeschrieben wird. Im Gegensatz dazu beeinflusst NH3 chemisch GO in Richtung des niedrigsten Widerstands und erreicht bemerkenswerte pH-Empfindlichkeiten. Diese sind mit berichteten rGO-pH-Sensoren vergleichbar, bei denen das Reduktionsmittel das zuverlässige Hydrazinhydrat war. Die Temperaturrampe erweist sich als entscheidend für die effektive Defunktionalisierung von GO und die richtige Funktionalisierung von rGO. Tatsächlich führt NH3 durch die Anwendung einer anderen Synthesemethode mit höherer Rampe zu einer Rekord-pH-Empfindlichkeit, die um 60 mA pH-1 schwebt. NH3 könnte seine nukleophilen Eigenschaften nutzen, um in die Oberfläche und das C-Netzwerk von GO einzudringen; während es gleichzeitig seine große Löslichkeit ausnutzen und sich in dem interkalierten Wasser auflösen könnte, das GO trägt. 
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Wie bereits erwähnt, behandelt das zweite Hauptthema Co-Dotierung, und dies wird in einer einfach synthetisierten Photoanodenschablone erreicht, d. h. einem mit Hämatit aufgeschleuderten dünnen Film. Es ist das erste Mal, dass Sb, Li-Co-Dotierung realisiert wird, und es ist auch das erste Mal, dass über direktes Sb5+-Dotierung berichtet wird. Die Zugabe der Dotierstoffe ist bescheiden so hoch wie ein Nennwert 1%. Der Oxidationszustand von Sb5+ bleibt in den mono- und co-dotierten Proben erhalten und die Zugabe von Li+ zeigt einen synergistischen Effekt auf die Leistung, die durch Sb5+ bereits stark erweitert wird. Bei 1,4 V gegenüber RHE beträgt die Stromerhöhung das 67-fache im Vergleich zu Standard-Hämatit-Dünnschichten. Die Vorteile dürften vor allem in der höheren Ladungsträgerkonzentration und einem geringeren Oberflächenwiderstand liegen. Die J-V-Kurven deuten nicht auf eine katalysierte Oberflächenreaktion hin. Interessant wäre die Anwendung des Fe(III)-OEC und die Umsetzung mit Wasserstoffperoxid im Elektrolyten. Darüber hinaus zeigen das Vorhandensein und die Handhabung von VO in Li+-dotiertem Hämatit merkwürdige erste Ergebnisse, als ob es eine Konkurrenz der beiden Spezies in Bezug auf den Platz oder den photoelektrochemischen Beitrag geben würde. Für beide Projekte wird eine I-V- oder J-V-Kurvencharakterisierung an Proben durchgeführt, bei denen einzelne Variablen nacheinander geändert werden. Im rGO-FET-Projekt wird der Anstieg des GO-Stroms live überwacht, IdsVg-Messungen vervollständigen die endgültigen Ergebnisse der pH-Messung (Idst). Im Co-Dotierung-Projekt werden J-V-Kurven ohne Beleuchtung aufgezeichnet und zusätzlich durch Zerhacken der Beleuchtung, um mehr Informationen zu extrahieren. Die Ergebnisse werden auch durch umfassende XPS-, XRD-, Raman-Charakterisierung und darüber hinaus durch ergänzende SEM- und UV-Vis-Analyse gestützt. Weitere Charakterisierung und einige zusätzliche Probenchargen sind ohnehin erforderlich, um die noch bestehenden Hypothesen weiter zu stärken.   
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Chapter One 

 

Introduction 
    Die Absicht, dass der Mensch glücklich sei, ist im Plan der Schöpfung nicht enthalten. The intention that humans should be happy is not included in the plan of creation. Sigismund Schlomo Freud  Nel mezzo del cammin di nostra vita mi ritrovai per una selva oscura, ché la diritta via era smarrita. (...) Io non so ben ridir com’i’ v’intrai, tant’era pien di sonno a quel punto che la verace via abbandonai. 

Midway upon the journey of our life I found myself within a forest dark, 
 for the straightforward pathway had been lost.  I cannot well repeat how there I entered,   
 so full was I of slumber at the moment 
 in which I had abandoned the true way. Dante Alighieri   
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1 Introduction 
Chapter number one contextualises this PhD work in the historical development and state-of-the-art of the involved research topics. Moreover, it includes important scientific background tools. 
1.1 Current world challenges Humanity has never lived such a widespread prosperity. It is noticeable by looking at parameters, i.e., schooling, life expectancy, and child and infant mortality.1–3 However, further development of the society highly depends on two crucial factors  energy and health. In order to understand how to scientifically approach those two worlds, it is important to look back into the history, and critically analyse the present for forward-looking plans. 
1.1.1 Energy for development The world population requires yearly an immense amount of energy to maintain wealth standards and to keep developing – about 170’000 TWh in 2019 mainly from fossil fuels.4  Yet, there is still a 13% of people in the world living without an electricity socket.5 Furthermore, the global population is projected to grow up to 10.9 billion by 2100. Even considering the lowest growth rate, Earth must host 1.5 billion people more.6  In many world areas, energy means drinking water, better hygienic practices, access to education, relief from arduous work. Therefore, the energy issue represents a crucial challenge of our days and deserves particular attention and planning. There is no other way to offer to each human being a dignified life.7 
1.1.2 Air pollution Over last decade, much has been done in Europe to tackle what it is referred as air pollution.8 Nonetheless, the concentrations of air pollutants in the Old Continent still exceed European Union and World Health Organisation limits.9–11 Air pollution is divided in ambient (outdoor) and household one. The typical substances that are harming human health or environment are numerous, e.g., ground-level ozone, PM, VOCs, carbon monoxide, carbon dioxide, nitrogen dioxide, sulphur dioxide, methane, and ammonia. It is reported that 40% of nitrogen oxides and 40% of primary PM2.5 originates from transport, whereas 60% of sulphur oxides result from energy production and distribution.12,13  
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Additionally, households remarkably contribute, not only for the inner household, but also for the outdoor. Hence, anthropogenic fuel combustion stands out as main responsible for air pollution. We differentiate the anthropogenic causes from the natural phenomena such as volcanic eruptions, sandstorms, burning forests, which also release significant quantities of pollutants into the air. 9,14 According to the WHO statistics, 9 people out 10 breathe air that exceed air quality limits. Consequently, air pollution kills every year 8 million people, 4.2 million because of outdoor air pollution and 3.8 due to indoor one. 14Air pollution affects human health in various manners – heart and pulmonary diseases, obstruction of respiratory system to infections and lung cancer.15,16 In 2015, 196 representatives agree with the Paris agreement to aim at confining global warming within 2 degrees Celsius, compared to pre-industrial values. Concretely, the countries committed themselves to peak the global greenhouse gas emissions as soon as possible, in order to arrive by 2050 at climate neutrality.17 The exploitation of clean energy sources offers an enormous chance of a sustainable development. In remote areas, low developed and off-grid, renewable sources can be used with small stand-alone plants preventing polluted households. In highly populated areas, the employment of clean fuels would enhance the air quality minimising the direct emission of PM and oxides.  Especially now that the COVID-19 crisis weighs heavily on the economies of all countries, the European Union believes in the renewable energy sources as base for a sustainable recovery.18 
1.1.3 Bioelectronic nose The COVID-19 pandemic makes us remember how crucial a fast detection is, e.g., in order to quickly act and isolate infection clusters. Additionally, it is essential that the device, which carries out the test, is small and mobile.19,20 To date, the recognition of biomolecules remains the unsolved challenge in an omnipresent device, such as our smartphone. With this only object, the senses, such as audition, tactile stimulation, and vision are commercialised. Nevertheless, olfaction and gustation account for a huge obstacle that researchers must still overcome. In this circumstance, the complication comes from the fact that olfaction and gustation are so-called chemical senses.21 In smelling, for example, specific interactions between odorant and receptors occur that are later greatly amplified and expressed as an electrostatic signal.22–26 
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Particularly, the world of analysis would completely change with the discovery of a user-friendly detector like an “artificial nose” or “bioelectronic nose”.23,27–32 Applications can be found everywhere in daily life, e.g., food and beverages quality control, environmental monitoring, disease diagnostics, security point. Concretely, from a smart fridge that tells to eat stored food before getting spoiled, to a smartphone transforming itself into a general practitioner giving a quick and reliable medical outcome plus prescription. And again, from targeted use of pesticides in extensive cultivations, to higher security at check points of airports, train stations, stadiums, and other hangouts. 33–35 Therefore, mimicking a human nose represents a clear and delineated scientific goal. For that, keeping investigating on signal amplification, selectivity, versatility, robustness, portability of current devices is required.   
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1.2 Graphene oxide reduction Recently, the reduction of GO accounts for one of the most exploited reactions, owing to the many research areas making use of bulk quantity of what is called rGO (also found as CMG or CCG); e.g., chemistry, biochemistry, materials science, engineering, and physics (Figure 1-1).26,35–40 The reaction can be conducted with different approaches, according to how reduced and how environmentally friendly we want the process to be, on top of specific intended applications.  

 
Figure 1-1. Current possible applications for systems based on reduced graphene oxide (here RGO). Adapted from 41. 
1.2.1 Dusted-off graphite oxide Graphite oxide is everything but novel. However, the perspective, from which we look at it, has drastically changed in the last decade. In 1859, Brodie conducts extensive studies on the reactivity of graphite because of interesting results particularly upon its oxidation.42  With the following bullet list, I summarise some of Brodie’s key findings:  i. By mixing Ceylon’s graphite with nitric acid and potassium chlorate, a peculiar compound of carbon in the form of graphite forms. ii. Crystals of this compound were “unfortunately too thin and too imperfect to allow a reflective goniometer measurement”.  iii. The “constitution” of the compound, namely the stoichiometry C:H:O, lies constant from the fourth oxidating treatment on. iv. According to the investigations, the oxidised graphite belongs to the class of acids, but it turns out “bibasic” by reacting with barium hydroxide (baryta water). 
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With that, Brodie provides fundamental concepts to the whole graphite community, i.e., the oxidation of graphite leads to another stable material, the produced compound is “thin” and highly defective, and it carries functional groups, which makes it acid and with basic properties too.  Staudenmaier modifies the oxidation of Ceylon’s graphite by adding sulfuric acid to Brodie’s mixture, namely, nitric acid and potassium chlorate.43 By doing so, no warm-up of the chlorate takes place and thus it is safe to handle even greater quantities of graphite. Interestingly, Staudenmaier refers to graphite oxide as “graphitic acid” or “acid of graphite”, accepting the mainly acidic behaviour seen forty years earlier by Brodie.  To find the last crucial step for the synthesis of graphite oxide, we must wait precisely 60 more years. In 1958, Hummers and Offeman publish their synthesis and they finally name the material graphite oxide.44 In their approach, they minimise even further the explosion danger and time consumption, because potassium permanganate substitutes the huge amount of potassium chlorate used by Staudenmaier. Next, Hummers and Offeman employ water peroxide to bring manganese into solution as sulphate, hence the suspension turns bright yellow. Until few decades ago, graphite oxide was only considered as a mere chemical compound as many others. The turning point is represented by the advent of graphene – the revolutionary 2D carbon allotrope.45–47  
1.2.2 Towards 2D Graphene is called the wonder material because of its outstanding properties – electric and thermal conductivity, mechanical strength, surface area, light weight. It is the 2D material that Wallace had been calculating about, nonetheless nobody saw concretely until 2004.45 It was synthesised for the first time by Geim and Novoselov. The made step was significant since authors claimed years before 2D materials would not be thermodynamically stable. Theoretical calculations and experiments were supporting each other. On the one hand, 2D materials would have suffered too much from thermal fluctuations thus leading to displacement of atoms.48 On the other hand, it was observed a drop of melting points at thinner films and the segregation into islands or decomposition of structures with fewer than a dozen layers.49 Therefore, Geim and Novoselov, who could demonstrate the opposite, were awarded in 2010 with the Nobel Prize in physics.  The exfoliation of graphene let the era of two-dimensional materials start. Along with the new 2D carbon allotrope, many other 2D materials began to find their way in materials sciences and respective applications, e.g., molybdenum sulphide, tungsten selenide, 
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phosphorene, etc.50–53 Subsequently, the first major challenge to solve was allowing production of quality 2D-materials in bulk quantities at reasonable price. Still today, albeit the mechanical exfoliation or “scotch-tape method” delivers qualitatively the best graphene, it is not suitable for mass production and it also offers small areas.54 Instead, CVD overcomes the area limitation, though graphene is not monocrystalline, and with the transfer step contaminations are added to the graphene sheet.55,56 Furthermore, an additional synthetic route is the exfoliation in liquid phase; however, the final suspension contains only up to a 20% of monolayered flakes.57 One way to address those issues, it is using GO as precursor of graphene or, better said, of a graphene-like compound (that is why also found as CCG, CMG – chemically converted, modified graphene).58 Thus, the focus completely shifts to GO, another material belonging to the 2D family, its synthesis, i.e., oxidation and exfoliation, and then reduction (Figure 1-2). GO can be produced in bulk quantities in water; hence its synthesis is cheap and uncomplicated.   

 
Figure 1-2. A scheme of the three typical synthetic steps from raw material, graphite, to final product, reduced graphene oxide (or here CCG). Graphite is oxidised to graphite oxide and 3D structure is maintained. The exfoliation stage allows the separation of monoatomic layers, accessing the world of 2D and graphenic material. Graphene oxide can be stored in stable water colloidal suspensions and be reduced before usage or once deposited on surfaces. Adapted from 38.   
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By using GO, we can pick up other two positive aspects – storability and uncomplicated deposition.36,59,60 In fact, GO is said as water-dispersible, it can be stored for months in quite concentrated water colloidal solutions without observing any aging or agglomeration issues. Moreover, GO nanosheets or nanoflakes can be deposited directly from water suspensions onto surfaces with remarkably high and atomic-thin coverages, if needed with the help of appropriate linkers too.61–63 Like graphene, GO displays a honeycomb structure, where C atoms sp2-hybridised constitute the smallest and hexagonal unit cell. However, GO often carries with it many defects, which commonly occur as oxygen-containing functional groups, as the name of the compound suggests. Moreover, generous amounts of vacancies, edges and wrinkles can be found.64–66 In the opinion of various authors, GO accounts for the cheapest and most practical source of graphenic material.59,67,68 Nevertheless, a fast and uncomplicated full GO reduction to graphene is hardly feasible in normal conditions.69 Particularly, in the field of devices, the reduction of GO must occur once the GO colloidal solution is already safely deposited on the substrate of destination. Therefore, extremely elevated temperature treatments and aggressive chemicals should be avoided. Thus, the substantial differences between a well-reduced rGO and Gr lie on: i. Left oxygen-containing functional groups ii. Carbon atom vacancies iii. Edges iv. Size of the crystals Yet, those points of difference do not make GO less appealing. On the contrary, recent works are using pristine for selective introduction of defects.70–72 Hence, being able to control something, which in first approximation are reactive sites, can turn GO into a flexible and versatile chemical tool.72–74 In other words, reaching such fine-tuning opens the doors to much more chemistry compared to pristine graphene. 36,75(see section 1.2.5).    
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Figure 1-3. Graphite oxide crystals separation, during “swelling” after mixing with diluted NaOH solution Adapted from 76.  In contrast with graphene, GO does not seem to have a clear 2D story. In 1937, there was a turning point with Hofmann and Koenig’s study.76 After mixing graphite oxide with water and especially with alkali solutions, Hofmann and Koenig confirm the weakness of graphite oxide intramolecular forces (Staudenmaier’s synthesis – potassium chlorate, sulphuric, and nitric acid). With water already, graphite oxide lamella disperse single crystals can be separated into an accordion-like layer of sheds. In Figure 1-3, Hofmann and Koenig offer a microscope image of the mixture with sodium hydroxide in the first phases and predict, upon gentle shaking, the possibility to obtain an eucolloidal solution only made of single layer planes. In this study, a significant amount of information arises from the employment of X-ray diffraction analysis, because it correlates with the graphite oxide interlayer distance. Therefore, intriguing outcomes regarding water as strongly adsorbed molecules in graphite oxide interlayers are showed. In 1962, Hofmann comes back with Boehm and co-authors to graphite oxide and its reduction with hydrazine hydrate.77 In this investigation, through adsorption with methylene blue, electron microscopy and again XRD diffraction, the researchers state to have synthesised monoatomic layers of carbon. However, the term 2D was forged only after the exfoliation of graphene, as graphene properties drastically diverge from graphite ones.45 Moreover, those characteristics could be theoretically calculated without too many obstacles, which are present when approaching defective materials as graphite oxide. 
1.2.3 GO synthesis and structure From the last two sections, it has manifestly appeared that history of graphene oxide and graphite oxide are strictly related. To date, the scientific community is also aware that the synthesis methods involving a graphite oxide-graphene oxide step are the only capable to provide bulk amount of graphene materials.78,79 The essential difference between the two 
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oxides lies on the exfoliation or also called delamination process80, which, as highlighted before in subsection 1.2.2, can already occur at the harsh conditions of graphite oxidation. State-of-the-art synthesis of GO still makes use of all the before cited routes to graphite oxide, of which especially Brodie’s and Hummer’s methods stand out (see subsection 1.2.1). On the one hand, Brodie’s method offers rather pure GO, though enhanced explosion danger. On the other hand, Hummer’s method is rather safe even with big amounts of reagents, but it leaves more contaminants, such as sulphur, manganese.81,82   

 
Table 1-1. From earlier to novel GO synthesis methods accompanied by typical evaluation parameters. Modified from 83.  The full graphite oxide exfoliation to graphene oxide comes surely down to the purity of the raw material and the oxidising agents. In fact, purification of hetero-atomic contamination from flake graphite, the most common source of graphite for chemical reactions, has become a common operation.84–86 Well-oxidised GO, from natural graphite with high crystallinity, can be readily dispersed in water.59,81,87 The isolation of single atomic layers is a final goal of graphene oxides stable suspensions, whether water-based or not.59,88 Here again the complexity of the diversely synthesised oxides of graphite with, as well, the later modifications.89 On one side, Brodie’s method introduces more in-plane hydroxyl groups, which, in water, with small amount of NaOH can be deprotonated, leaving charged sheets and a greater electrostatic repulsion between the layers.76,81 On the other side, Hummer’s method, not only preferentially modifies the sheets with carbonyl groups (debatable if only in-plane C=O), but also, it lets the single layers be well functionalised from both sides.81,90,91 In Hummer’s, a crucial reaction is the hydrolysis, which open the doors to many O-containing functional groups and expand what has become a charged atomic layer. Thus, it allows the repulsion and dispersion of single sheets in water solution. In this process, smaller and thinner starting graphite flakes along with high crystallinity prolongate the oxidation process leading to better exfoliation. In other 2D materials, the exfoliation typical method such as sonication, brings to single layers of the initial stacked material.92,92–94 Ultrasound has some serious consequences on GO sheets, namely fragmentation, particularly the larger sheets.95,96 Hence, it is typically not 
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beneficial for many purposes or employed with mild conditions. By contrast, perfected purification practices of the product are a fundamental part of the synthetic procedure, to reach high level of contaminants removal. Previously, sulphur and manganese were mentioned for Hummer’s method, though in Brodie’s GO there is chlorine, which also has a good affinity with atomic carbon.89,97     
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Figure 1-4. The GO structures that have been proposed over the years. From 83.  As previously discussed, the structure of GO differs significantly according to the utilised method. Thus, we can define graphene oxide as a class of materials, rather than a single composition. As a result, it would be auspicial to define GO with reliable parameters and characterisation, to limit batch-to-batch variations and so reproducibility issues. Hofmann’s and Tour’s complete the spectrum of the most relevant methods for the water-based synthesis of graphene oxide.76,98 Amongst them, Tour’s route represents the very last evolution of Hummer’s method, and it carries the lowest carbon-to-oxygen ratio. Certainly, the presence of, at least, five synthetic approaches do not simplify the agreement on a structural model. Nonetheless, Lerf-Klinowski’s hypothesis is the most widely accepted for a generic description of GO and, in fact, the most inclusive in terms of functionalities (see 
Figure 1-4). It envisages edge and in-plane hydroxy and epoxy groups. By contrast, carbonyl, carboxyl groups occur less frequently and principally at edges. Furthermore, not excluded, yet in small amount at those edges, hydroperoxides and aldehydes can be found. Often, carbonyl and aldehydes are formed stabilised due to α-β unsaturations. Notably, a fundamental change in the evolution of the models was determined by the confirmation of carbon atom vacancies, first proposed by Scholz and Boehm. Those holes interrupt the C backbone and chemically behave like edges. Therefore, the more disrupted and the smaller the GO sheets, the higher the proportion of edge-preferential functional groups, over the total. Dissimilar from other models in Lerf-Klinowski’s one, there are significant conductive portions in the GO layer made of C-C sp2.    
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1.2.4 Approaches to GO reduction Owing to the potential of the graphite oxide-GO step towards graphene-like materials, GO reduction has gained a huge amount of interest, representing one the most researched reactions of the last two decades. Researchers have exploited a plethora of approaches endeavouring to suit the final application of rGO and the support on which GO was deposited.36,59,99–107 In this sense, there is a first needed distinction between the evolving fields. Namely, there is a scientific community focusing principally on the GO reduction itself, trying to restore graphene outstanding properties.69,108–110 Whereas there is another scientific community, which runs for application-targeted GO reduction, and hence devices.111–113 Furthermore, there is a third party that goes the other way around, by generating defects into the most pristine graphene, e.g., doping and carbon vacancies.70,114–116 Therefore, a brief overview is given of most representative studies, although the focus remains on the final application of this thesis, i.e., the after-deposition GO reductions. In the first examples, the comparison amongst the results of the reductions is based on the degree of reduction (C:O ratio, conductivity), while it heads always deeper into the aimed applications and practicality of the chemical. In colloidal dispersions, the only way goes through chemical or electrochemical approaches.  the successful chemical methods, we find hydrazine monohydrate, ascorbic acid, sodium borohydride, and hydroiodic acid. In general, metal hydrides are too reactive to work in water-based solutions.  Indeed, that is the great advantage of the oldest and effective hydrazine monohydrate, which also displays undeniable weaknesses, namely, its carcinogenicity and leading to rGO agglomerates.117,118 However, sodium borohydride could demonstrate its efficacy in reducing GO, owing to a kinetically slow hydrolysis of a freshly-prepared solution, though alcohol impurities must be expected.106,119 By contrast, ascorbic acid is extremely stable in water and non-toxic with hydrazine-like performances, C:O ratio of 12.5 and conductivity of 77 S/cm.120 Moreover, ascorbic acid does not allow rGO agglomeration. In term of degree of reduction, hydroiodic acid overtakes all the previously mentioned compounds, taking GO to a rGO with 15 C:O ratio and conductivity of about 300 S/cm. Here, the tensile strength comes to support HI reduction, in case the formation of a flexible film is desirable.121,122  Furthermore, in solution GO can be reduced by CV. Only one scan is enough to irreversibly reduce GO. Interestingly, the best work highlighted the role of the hydroxonium cation, i.e., low pH, better reduction, which resulted in a 23.9 C:O ratio and 85 S/cm conductivity. Wet-
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reductions of GO were also carried out coupled with semiconductors photocatalytically, and by means of supercritical water solvothermally.123–125 Because of what was stated in this and previous sections, that is, aim of thesis and urge for GO after-deposition reduction, let us now shine some light onto the more suitable reduction approaches to solid-state GO. In this circumstance, the most common reduction is the thermal-meditated approach. It is practical, fast, effective (bulk conductivities 10-23 S/cm) and, to a certain extent, cheap. The inexpensiveness factor comes mainly from the chance to reduce GO with thermal mediation at low temperatures, as industrial process heating operations usually are extremely demanding.126 There is a fair agreement on the fact that O-containing functionalities can be stripped from GO sheets according to applied temperatures.99,127–129 In other words, it appears that there is a sequence of temperatures allowing selected removal of O-containing functional groups from solid-state GO. However, at extremely high heat exposures in air, 800-1000°C the C-C bonds crack, and topological defects as well as vacancies form. Furthermore, although treatments can remove a big portion of the main O-containing functionalities, losses of material up to 30% are expected, due to the release of carbon dioxide. Not only thermal-mediated approaches reduce GO, but they can also realise proper exfoliation to 80% of single sheets.  There are other ways to give thermal energy to solid-state GO, such as, through microwaves and photons. Here, the profit, in terms of saved amount of time, is remarkable. Microwaves enable a 1-minute reaction to rGO104, while not much more is taken for a flash reduction with a strong xenon lamp or a femtosecond laser beam.130,131  Furthermore, there is the option of multi-step GO reduction approaches, by paying attention to single treatment effects.26,129,132,133 However, to avoid unpleasant misunderstandings, the parameters, through which the GO reduction is evaluated, must be carefully considered. The graphene semi-metallic behaviour does not appeal photo-electronic devices and transistors researchers unless functionalised, C-vacant, or edge-controlled. Nanoscaling, selectivity, and LODs highly depend on these characteristics.  
1.2.5 Applications: towards sensing in liquid Graphene is the wonder material, but it is not the material for each application, hence carefulness is necessary when speaking of striving for complete reduction of GO. Defects often make graphene, and so partially-reduced GO, active for a defined task or even better performing. This sums up to the graphene issue for device-oriented mass production, which remains, to date, unsolved. Diversely, a full restoration of C-C sp2 bonding, healing of C-
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vacancies, and edges of GO would make it like pristine graphene and shrink the band-gap.134–136 In this regard, photoluminescence investigations showed semiconductor characteristics in proper functionalised graphene.137,138  In fact, energy-related materials123,139–141, field-effect transistors (FET)25,37,142,143, sensors112,113,132, and biomedical applications exploit mainly the rGO semiconducting behaviour. Nevertheless, rGO also finds, thanks to the mass production, broader utilisation in material sciences, i.e., polymer composites144,145, conductive coatings146,147, and “paper-like” materials148–150. In this thesis work, the focus of the first project (see Chapter 4), will be on pH sensing with rGO-based LGFETs, while the initial aim was to go further using rGO-LGFET as platform for biosensing, and specifically, a bioelectronic nose. With such devices, the major goal typically lies in the detection of biomolecules from electrolytes, and that is, where those usually are, or will end up for the sensing operation. Here, the neat separation between graphene and rGO, when both are micro-sized and functionalised (with biomarkers) sheets, gets increasingly blurred. Thus, I find it logical to mention the achievements not only in LGFETs, but also in “in-liquid” graphene-based biosensors together. These allowed manifold and noteworthy detections of biomolecules, i.e., oligonucleotides151, ssDNA152, DNA polymorphism153, hormones154, immunoglobulins155, enzymes156, proteins157, plus chemical weapons158, pesticides159, odorants160. A huge breakthrough is displayed by a rGO-based LGFET with the discernment of two odorant molecules by means of a single-carbon-atom resolution.161 Furthermore, it is important to underline that in “in-liquid” graphene-based biosensors diverse physical and chemical principles are required for the read-out of interacting analytes. Precisely, I have already mentioned transistor (see following section for details), though there are many more, namely, impedance162, fluorescence163, electrochemistry164, luminescence165, SPR166, Raman167. 
1.3 Graphene-based LGFETs and pH sensing In this section, I will focus on describing the working principles, through which an FET and hence a LGFET can give a readable output. I will briefly go through the evolution of pH detection highlighting the stages that led to graphene-based FETs for the assessment of this fundamental water solutions property. Subsequently, I will move to the attempts with graphene-based devices, graphene and rGO channeled FET to sense pH changes in water-based electrolytes, commonly buffers.  
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1.3.1 Principles of FETs and LGFETs FETs are devices based on four essential parts. Three of them are contacts, that is, source, drain, and gate. The remaining one is the channel; thanks to whose conductance modulation the three contacts can communicate. The gate is in physical contact with the channel region, while source and drain are not (Figure 1-5a). Typically, a voltage is applied between gate and source and through the channel region charge carriers may travel. Whether that happens or not, it comes down to the applied voltage. At too low voltages, there is no electric current flowing via the channel region (VGS = 0) (Figure 1-5b).  The transistor can be deemed “switched on” when VGS is equal to VDD, the maximum voltage given to the system. However, the crucial region is the voltage before the threshold (VTh), the steeper the slope in the subthreshold region, the better for the switch-on features. Still today, FET industry lies on a single type of device, i.e., silicon metal-oxide semiconductor FET, MOSFET (turned to CMOS), and the performance increase upon making it the smallest.168 Current mass-produced processors count two billion MOSFETs, principally with gate lengths of about 30 nm. However, it seems the sector has reached a stasis. With the downscaling, few intrinsic limitations have come up, such as threshold-voltage roll-off, drain-induced barrier lowering, and impaired drain-current saturation. Therefore, graphene as 2D and wonder material holds the promises to overcome them. To date, its achievements are coming sooner than CNTs ones.169  

 

a 
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Figure 1-5. a) Schematic of a typical transistor. b) I-V characteristics of the typical transistor to the left. On the two y-axes the drain current in log (logID) and in linear scale (ID), and on the x-axis the applied gate-source voltage (VGS). Adapted from 170  By contrast, in LGFETs or SGFETs, the gate is immersed into a solution, which functions as a dielectric and enables the communication with the other two contacts, source and drain. When a potential is applied between gate and source (in the field often named Vg), the anions and cations arrange in the liquid electrostatically according to a Debye’s sphere concept. In 1972, Bergveld published his seminal work employing a FET in liquid environment to sense Na+ cations, hence called ISFET.171 A breakthrough that did not gain much interest until carbon materials begun their era, i.e., first in LGFET with a diamond demonstration172, then CNT and shortly later with graphenes. However, already with the initial application it was noticed that those materials could be biocompatible, which is a crucial property for biosensing goals.  
1.3.2 Graphene-based LGFETs The limitations that were impeding the nanoscaling of FETs transforming the nano-channeled MOSFETs in a challenge to be paid at the devices purchase, have therefore widened the gap between research and market. Moreover, it has enhanced the rush for novel material, which peaked with the advent of CNTs, and especially of graphene. As in FETs that then become GFET, graphenic materials has rapidly found application in LGFETs. And these become graphene-based or graphene-channeled devices.  Amongst the many reported properties, graphene presents biocompatibility173, nanoscaling and stretchabilty174, and also functionalisability71,175,176.These are extremely appealing for novel LGFETs. For example, nanoscaling not only offers the pros already in mentioned in 

b 
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section 1.3.1, but it also minimises the amount of material for each transistor. Here, bulk quantity of years-lasting mother solutions is in the tenths of millilitres order of magnitude.26,177 Whereas, biocompatibility is extremely necessary to maintain the mild conditions for biomolecules to function in all their specificity and selectivity. Functionalisation is essential to tune or attach at/on the channel the appropriate interacting species.  As a result of published studies on CNTs, the hardest part of the swapping with graphene has come only from the material synthesis, because the systems and supports are almost identical.178 Like CNTs, graphene and rGO have also enabled sensing of biomolecules and went beyond it. However, the typical application that is firstly explored is always about, to a certain extent, simple electrostatic-driven sensing. In addition to many cations or anions, sensing of pH values keeps holding great attention, since mechanistically unclear and to win the big power consumption of pH-sensitive glass electrodes.  
1.3.3 pH sensing with FET Based on the theory of SFET179, the sensing of ions in solution by means of transistors dates to 1970 with Bergveld’s investigation180. The employment of a transistor as a chemical sensor could reduce cost and size, and allow high input and low output impedance measurements, that is, obstacles in common glass electrodes for pH detection. In Bergveld’s ISFET, a conducting channel is not obtained only via a metal gate with an applied potential, but also from oxide charge. Such charge is controllable even when the transistor is immersed in a water solution, without gate. Having silicon oxide, the ability of glass to hydrate, a double layer at the solution-oxide arises. Though, there is another double layer formed by a second interface, i.e., the oxide-silicon one. Hence, in the circumstance the oxide thickness is little enough, the interaction between the two double layers is allowed, showing then a dependency from the ion activity of the solution. Therefore, a variation in ion activity can be detected as a variation of channel conductance.  Other inorganic semiconductors, oxides and not, were investigated as promising pH-sensitive channels.181 Considering all the studied materials, Ta2O5 has appeared to be the best performing.182 Furthermore, not only layers or films have played a role in the art of pH sensing, but also their morphology. The modification of morphology brings along two major contributes, namely, the alteration of electronic properties and diminution-enhancement of surface area. In this sense,1D-materials, thus subjected to important morphological control, such as wires or tubes, have also demonstrated to be highly-sensitive to pH changes.183–185  
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However, albeit the detection of hydroxonium cations, H3O+, or also simplified H+, is one the most studied detections of all owing to its relevance186, it still displays discrepancies in the clear identification of the sensing driving force. Supra-Nernstian performances were observed and motivated with adsorption of OH- anions in GFETs. However, H3O+ sensing capability is, in the bioelectronics community, traditionally seen as the electrostatic interaction or repulsion charged species. This considered, in biological electrolytes exists a microcosmos of moving analytes, fixed recognition units, competition, and signal transduction. Let us then look a bit more into detail of this device with the coming specific subsection.  
1.3.4 pH sensing with graphene-based LGFETs Graphene was the first 2D material to be utilised in channelling a LGFET. In 2008, Ang and co-workers reported that graphene can work contemporarily as transducer and pH-sensitive layer.187 By applying negative gate voltages, they observe supra-Nernstian pH sensitivities up to 99 mV/pH. Nevertheless, few years later, graphene was also reported to be a poor pH-sensitive channel.188 Therefore, there are differing opinions regarding the fine mechanism of the pH detection, i.e., the triggering events of the electric field modification.  By contrast, there is more consensus about the rGO-based LGFET pH sensing driving force. Let alone the size of the crystals – which is slightly less relevant for the reasons of section 1.2.2 – the rGO sheets are seen as alternating mixture of graphene and graphene oxide areas. Thus, there are areas that can likely better allow the transport of charge carriers, while the are others with an abundant presence of O-containing functionalities that can likely better interact with H+. Sohn and collaborators particularly highlight that the capability of rGO to recognise pH changes lies in the presence of -OH and -COOH groups.37 As already mentioned in section 1.2.4, a partial reduction of GO is in fact more auspicial, hence offering a certain degree of conductivity, but also preserving an important amount of crucial sensing units. However, we have seen in the hexagonal C structure of CNTs the possibility to host HO- anions for a successful pH detection, those groups are additional sensing units., as well claimed by Ang and co-authors.189,190 Note that it could not be excluded a combined effect, so far.  
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 Again, from a synthetic point of view, the benefit of channeling LGFET with rGO instead of graphene is addressed (see 1.2.3 and 1.2.4). In fact, for this specific application the explained concepts are valid, e.g., GO storage and deposition, inexpensiveness of GO synthesis and method. More than in the previous section, the topic of the anchoring becomes significant due to the assembly of the device. Here, there are usually two ways to go, according to the channel material. In case of graphene, the anchoring is not necessary, as the gold contacts are typically deposited in a second step on the already transferred or epitaxially grown layer.  However, with GO, the deposition is frequently and willingly carried out via drop casting onto the support. By doing so, the GO sheets have more chance to arrange on their own, agglomerating in islands (I remind of subsection 1.2.3), while air-drying on the sensing area. Hence, the role of the anchoring is both, to enable stable binding between flakes and support (often SiO2, or glass-like material as in this thesis), and to deliver the best coverage of the selected area. Lately, the presence of APTES as SAM on the sensing area is indispensable; and therefore, widely employed and studied (proposed mechanism of APTES-GO bonding, 
Figure 1-6).25,26,36,37 In this work, I make use of APTES as optimal linker between support SiOH groups and GO epoxy groups, and additionally, of a common GO reduction procedure (see section 1.2.4) with hydrazine hydrate (gaseous) to study its pH sensitivity in LGFET. Next, I base my investigation on developing and comparing new reduction approaches on GO, so that hydrazine hydrate may be substituted successfully in the near future. The final comparison will be based on the application, i.e., rGO as LGFET channel and pH sensor.     

  
Figure 1-6. a) Proposed reaction mechanism of APTS/APTES with GO. From 36 b) Single unit of APTES once the bonds with the transistor glass are formed.  
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1.4 Sb, Li co-doping in hematite-based photoanodes Herein, I will mention the relevant theory behind the photoelectrocatalytic water oxidation, or sometimes abbreviated and generalised as solar water oxidation. Specifically, I will underline the type of light the sun offers, how to harness it best, and ultimately, the interfacial phenomena at the SC-liquid junction. I will explain the choice of hematite as template material for the co-doping investigation, and moreover, provide a short summary of the morphological and catalytic evolution of the hematite as photoactive compound, reaching its doping and state-of-the-art.  
1.4.1 Sunlight The Sun is the star, which allows life and allowed life to start. Through marine photosynthesis oxygen was released into the atmosphere progressively up to about 21% of the current atmospheric concentration.191 In fact, the Sun accounts as one the largest sources of renewable energy on Earth. Sunrays form by sequences of nuclear reactions converting hydrogen into helium, therefore extremely dangerous. Fortunately, those are partially shielded, i.e., reflected, and adsorbed, through terrestrial magnetic field and atmosphere. Nonetheless, considering the losses, the location, and diurnal, seasonal, annual oscillations, Earth’s crust receives every second around 240 W m-2. Which is 122.4 TW per second, if multiplied by 5.1 x 1012 m2 of Earth surface.192 For a clearer picture of what this information means, in Figure 1-7a is reported the solar-to-power conversion potential of photovoltaics, resulting from a rigorous calculation model.193 Not to be forgotten, the sea surface is not considered in the picture  Of this huge and almost never-ending energy supply, we can photochemically use only a portion; namely, simply expressed, the one allowing electronic promotion to conduction band or to excited state of, respectively, materials or molecules. For example, plants exploit the same phenomenon. Moreover, the irradiance of the sunlight spectrum reaching the crust is made of about 10% UV, approximately 40% visible, and around 50% IR light (Figure 

1-7b). Thus, in the search for photoactive compounds, the two highlighted requirements are already reducing the number of suitable candidates, which to be successful should preferably absorb the visible light spectrum.   
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Figure 1-7. a) World map of the specific photovoltaic power output. Adapted from 194. b) Irradiance and spectrum of the solar radiation reaching the earth crust. Adapted from 195.     
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1.4.2 Solar water splitting The splitting of water mediated by solar light is one the numerous reactions that tries to exploit the free, abundant, and renewable energy source, that is the Sun. Undoubtedly, solar water splitting lies at the top of the most interesting topics in science, due to the relevance of the climate and energetic issues (see section 1.1), but also because water is away from deserts or drought-exposed environments, a basic and affordable compound in daily life. Eventually, sea water can also be utilised as water-based electrolyte for water splitting with lower efficiencies. However, sunlight is an intermittent source of energy, as it has come out from the previous section. Hence, storage of sunlight in the form of chemical bonds is ideal, particularly, if the products of this “solar synthesis” are easily storable and recombinable. The idea reminds of what plants have been doing ever since.   The reaction of solar water splitting can be approached from a thermodynamic point of view, which defines the theoretical electrode potentials needed to realise the step from reagent H2O to products O2 and H2, so the respective gas evolutions. The overall water splitting can be seen as the occurrence of two electrochemical half-reactions, which can later be coupled into one cell:   i. 2 H+(aq) + 2 e- → H2(g)             E0red = +0.00 V (cathode) ii. 2 H2O(l) → O2(g) + 4 H+(aq) + 4 e-    E0ox = -1.229 V (anode) iii. 2 H2O(l) → 2 H2(g) + O2(g)         Ecell = E0ox – E0red = -1.229 V (1.1) 
 As the standard hydrogen electrode is the reference in the table of reduction potentials, it possesses a reduction potential of 0.00 V (pH 0, at 298.15 K and 101.325 kPa). Instead, the oxidation of oxygen to water is a non-spontaneous process with an oxidation electrode potential of -1.229 V. Therefore, if coupling the two reactions, the cell potential results into a negative thermodynamic value, which is the minimum threshold we must provide to let the reaction run. However, in a real electrochemical process the theoretical cell potential value is not enough to let the reaction begin and thus, what must be provided to the water splitting system is an overpotential.    
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 Nonetheless, the value 1.229 V is a fundamental starting point to find matching materials, that could lead to an overall water splitting or to partially catalysed reduction or oxidation of water (Figure 1-8a). Particularly, in semiconductors what should match are the positions of CB and VB. On the one hand, CB, a combination of empty d orbital of a transition metal or s, p orbitals of a metal, should lie above the H+/H2 potential energy. On the other hand, VB, in a traditional metal oxide SC, a combination of O2p orbitals, is more positive than the water oxidation potential (3 V vs 1.23 V). The artificial measurement unit, electronvolt, eV, sets a crucial bridge between electrodynamics and band gap understanding, in other words, the needed theoretical potential for water electrolysis and the needed photon energy for the electron jump of a candidate SC. Therefore, 1.23 V is comparable to 1.23 eV and, in fact, the theoretical photon energy to be absorbed by a SC to carry out the overall water splitting is about 1000 nm. Nonetheless, due to inherent energy losses in the migration of charge carriers on top of the overpotentials for the gases evolution at the electrode, the minimum required band gap hovers around 2 eV (Figure 1-8b). The reaction of solar water splitting can also be understood under the magnifier lens of kinetics. The 1.23 V, plus overpotential, tells us the driving force we need to give to the 

 

  
Figure 1-8. a) Typical semiconductors and their band gaps in respect to the water reduction and oxidation thermodynamic potentials. b) Representation of light absorption by a semiconductor towards overall water splitting. c) Schematic of the water splitting kinetics of a nanoparticle attempting overall water splitting. All adapted from 196 
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system, yet we do not know how long this reaction is going to take once the required potential is at disposal. Hence, the kinetics and the variable time are also crucial in the holistic approach for a successful water splitting. As represented in Figure 1-8c, albeit the thermodynamic requirements are fulfilled and the driving force is sufficient to allow the reaction to happen, there are three kinetic steps, which can significantly lower charge carrier collection, and their exploitation to H2 and O2 evolution. The first step consists of a very frequent cause for poor photon-to-hydrogen conversion, i.e., recombination of photo-generated charge carriers. The exciton forms and the photo-generated holes and electrons spatially split, but they cannot do it enough to escape the return attraction force and annihilate each other, releasing the absorbed energy. Second, there is the migration of the charge carriers, which could survive the annihilation. Not only the migration considers the path through the SC bulk, but also the access to the surface, catalyst is involved. Third, once that the photo-generated charges are sitting at the interface they are asked to enable the evolution of O2 and H2, e.g., trap states could impede it.  Of the two reactions that the photo-generated charge carriers should give rise to, the water oxidation is the most complicated. Thermodynamically, we see it because water oxidation needs a stronger potential, so creating very harsh conditions, which is also demonstrated by corrosion of SCs, such as CdS and CdSe. Kinetically, we know that multielectron charge transfer processes are intrinsically slow, due to the low probability of finding many electrons close to each other at the same time. And in the water oxidation circumstance, the OER needs 4 electrons to sit somewhere near for a single event.    
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1.4.3 Water oxidation with SC-liquid junctions The water splitting bottleneck is the evolution of oxygen at the anode, hence the greater effort of the scientific community has been put into its catalysis and improvement. In the context of water splitting, the term photoelectrochemistry means the manner to approach the water separation by physically isolating the two gas evolutions, O2 and H2. And this is done by means of two different electrodes. The work of Fujishima and Honda is accepted by all researchers as the first SC solar water splitting demonstration.197 Still, Gerischer has also concretely contributed to the cause. 198 However, Fujishima and Honda’s report accounts not only for being the milestone of photoelectrochemical water splitting199, but also for being the milestone of photocatalytic water splitting.200 – two branches of the same discovery.  To keep focusing on this PhD work, I will only explain one of the possible PECs, namely the n-type photoanode. It must be said that the utilisation of the common photoanodic n-type semiconductor as WE, and platinum wire/electrode as CE, showed two advantages. On one side, it allows a much broader and fruitful comparison within different research laboratories; and on the other side, it enables the practical application of many materials, which are not thermodynamically suitable for the overall water splitting.  In the n-type photoanode PEC, the presence of a n-type SC-liquid junction (also known as n-type SC-electrolyte junction) determines a depletion layer in the SC in proximity to the junction, and thus a band bending. The degree of the band bending comes down to the number of depleted charges, and it takes place every time there is a junction with a SC and a medium, which can accept more or less charge carriers (Figure 1-9a-b).  As already partially explained, the band bending arises from inherent characteristics of the joint compounds. Therefore, we have on the one hand, the energy of the SC Fermi level (EF), while, on the other hand, there is the energy of the electrolyte electrochemical potential (-
qE°). In presence of a typical n-type SC and electrolyte (A/A-) junction, electrons flow from SC to the electrolyte and it is the Fermi level of the SC that shifts down to the energy of the electrolyte electrochemical potential (-qE°(A/A-)). This is also due to the numeric gap in charges between SC and electrolyte, the electrolyte in comparison to SC has almost an infinite amount of charge for compensation. Once that the equilibrium is reached, the depletion layer is created, and the bigger the energy gap between EF and -qE°(A/A-), the physically wider the depletion layer will be (Figure 1-9c). A “thick” depletion layer is a crucial aspect to increase the driving force of the water splitting and prevent recombination, because it promotes the spatial separation of the photo-generated exciton, i.e., it drives and keeps hole and electron apart.   
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Figure 1-9. a) Schematic of the depletion layer formation in junction SC/electrolyte A. SC has a Fermi level energy EF, while the electrolyte has an electrochemical potential E(A/A-). b) Schematic of depletion layer formation in the same SC in junction with a different electrolyte B having electrochemical potential E(B/B-). c) Representation of the SC band bending with the respective energy quantities. The created depletion layer is expressed by the depletion width, W. Modified from 201  Deriving from the kinetic equations of electron charge transfer between SC and electrolyte, and the opposite transfer, the photoanode current in the dark with an applied bias voltage (V) obeys the diode equation:   𝐼 =  −𝐼0 [exp (− 𝑞𝑉𝑘𝑇) − 1] (1.2)  where I is the current intensity at the interface. I0 is the exchange current, which includes parameters like the rate constant of the electron-transfer into the electrolyte, the electron concentration at equilibrium at the SC surface, electrode area, electric charge, and the concentration of acceptor species at the electrode surface.   
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Figure 1-10. Schematic of the two conditions of a photoanode. a) When a positive voltage is applied (V>0) b) When a negative voltage is applied (V<0). The applied voltage can only affect the A transfer, while A- is constant. Adapted from 201  Necessarily, there are two conditions to the equation: V>0 and V<0 (Figure 1-10). The former is called the reverse bias because it leads to reagents, the latter to products in the equation, which describes the interfacial electron-transfer and follows:   𝑒−(𝑆𝐶) + 𝐴(𝑎𝑞)  ⇌  ℎ(𝑆𝐶) + 𝐴−(𝑎𝑞) (1.3)  where products and reagents are obtained if, respectively,  a reduction or an oxidation occur.  The conditions of reverse bias and forward bias, and our influence on them, are much clearer if in the equation (nX) we distribute the term -I0. Consequently, it will appear the following equation:   𝐼 =  −𝐼0  exp (− 𝑞𝑉𝑘𝑇) + 𝐼0 (1.4)  where we notice two distinct parts of opposite sign, hence we can visualise it, as if there are two current contributes of opposite direction. The first contribute is dependent on the bias voltage (V) and goes from electrolyte to SC, whereas the second contribute is independent on the bias voltage and heads from SC to electrolyte, vice versa, the injection of electrons. Thus, by modifying the applied bias voltage, V>0 e V<0, we decrease or increase the Fermi energy, nonetheless this is only affecting the current flowing from electrolyte to SC, i.e., the injection of electrons into the liquid phase. While the injected electrons into the SC remain constant. Simply, the measurable net output current is the result of the difference of the two currents, though there is only one current, with which we can play. 

a b 
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 Under illumination, the situation does not vary substantially. We must consider the two types of charge carriers that can be generated, namely, majority and minority charge carriers. The current arising from the majority charge carriers obeys the diode equation, yet it is so small compared to the thermal ionisation of dopant ions that can be neglected. By contrast, the current arising from the minority charge carriers is connected to the absorbed light intensity. Upon a sensible approximation that considers all the photogenerated charge carriers separated and collected thanks to a strong built-in voltage, the originated photocurrent is equal to the photon flux received by the SC, which is multiplied the elementary charge q. We can then write the equation for the overall current intensity of the junction:   𝐼 =  𝐼ph  − 𝐼0 [exp (− 𝑞𝑉𝑘𝑇) − 1] (1.5)  where the only different term from Eq(nX) is the current formed by the photogenerated minority charge carriers (Iph). Note that the photocurrent is positive, hence it is an oxidative current, exactly like the constant current independent from the formed by the n-type SC-electrolyte junction.  In such an illuminated n-type SC-electrolyte junction, an important parameter is the voltage at open circuit (VOC), which is a strong indication of the driving force of the junction (immersed electrode). The VOC is the voltage at I=0, namely, when no current flows through the system. We set this condition, plus consider Iph > I0, which is often the case, and we arrive at a relatively simple equation for VOC:   𝐼ph =  𝐼0 [exp (− 𝑞𝑉𝑘𝑇) − 1] (1.6)   𝑉OC  =  𝑘𝑇𝑞  ln (𝐼ph𝐼0 ) (1.7)  where the open-circuit voltage depends logarithmically on the photocurrent. As a result, the 
VOC depends logarithmically on the light intensity, since photocurrent and adsorbed photon flux are linearly proportional, and we have accepted the “photon-to-carrier 100% collection” assumption. On the contrary, the VOC decreases logarithmically with increasing the oxidation current I0, which represent the tendency to repristinate charge-transfer 
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equilibrium. Thus, the lower the current, the slower the interfacial equilibration, the easier is to have high photovoltages. Furthermore, another significant parameter in the field of energy conversion is the short-circuit current density (JSC), which gauges the collection efficiency of the photogenerated charge carriers. From Eq with the condition of V=0, it results that the overall current is given by the photocurrent Iph. JSC is calculated by only dividing photocurrent by the illuminated junction area A, JSC = Iph/A.   So far, all the previous parameters describe thermodynamic physical quantities, but kinetics is extremely relevant for the surface catalysis, and thus for the final performance. For example, in materials such as hematite, an efficient surface catalyst can almost double the output photocurrent.202 Additionally,  not all the electron-hole pairs generated by the SC light adsorption can be separated and measured as photocurrent, but the following equation defines the PEC photocurrent in real systems:   𝐽PEC =  𝐽abs ∗  𝜂sep ∗  𝜂ox (1.8)  where the two efficiencies, ηsep and ηox, turn an ideal system into a real one. The bulk separation efficiency, ηsep, is the percentage of holes that can be separated and reach the surface. While the charge injection efficiency, ηox, is the percentage of holes that can be injected into the solution, e.g., if an easy-oxidisable species is on purpose added to the electrolyte, the charge injection efficiency equals 1 and leaves the product unchanged. However, albeit the 1.7 equation is elegant, it only provides an indicative result of the driving force of a given photoanode. Routine experiments depend much more on practical current output, and therefore, on equation 1.8. Then, if the photocurrent is JPEC and it measured with JV measurements, gauging ηsep and ηox is not straightforward.  In this thesis work, I make a large use of the photocurrent measurements, because great and fast is the information output for a photoanode. Unfortunately, explaining the why the recombination of photo-generated charge carriers lessens or strengthens needs a greater amount of time and efforts. Thus, it is not done for explorative purposes.  Eventually, to finally compare different PEC cells even with dissimilar working principles, an essential parameter is the solar-to-hydrogen efficiency, ηSTH. Such efficiency is used for highly performing devices, and it can be calculated by dividing the total output energy by the total input energy:  
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 𝜂STH  =  𝑡𝑜𝑡𝑎𝑙 𝑜𝑢𝑡𝑝𝑢𝑡 𝑒𝑛𝑒𝑟𝑔𝑦𝑡𝑜𝑡𝑎𝑙 𝑖𝑛𝑝𝑢𝑡 𝑒𝑛𝑒𝑟𝑔𝑦  =  𝛥𝐺 ∗  𝑟H2𝑃in ∗  𝐴  (1.9)  where ΔG is the Gibbs free energy (237 KJ mol-1), rH2 is the hydrogen prooduction rate in mol s-1, Pin is the incident photon flux (100 mW cm-2) and A is the area of the photoanode under illumination (cm-2). In the measurement of the area, there is a debate amongst different solar water splitting branches. Should it be used the geometrical or the effective area in the equation? But then how to exact determine the surface area? In the field solar water splitting with inorganic SC thin films, it is common to use the geometrical one. While with organic compounds at work, it is typical to calculate the effective one, which is also needed for the Randles-Sevcik’s equation and the TOF calculation, whether possible.203   
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1.4.4 Material requirements The target of efficiency for a feasible industrial upscale of PECs is given by 10% STH conversion.204 To date, no n-type inorganic SC with under- and overlayer (i.e., OEC) can offer such a performance on a 1 cm2 scale, let alone upscaling the PEC area. In the last 30 years, the enhancement rate for n-type SC PECs has not given big signs of acceleration.205 Though much has been done towards the fundamental understanding of water oxidation mechanisms and charge carriers dynamics in the SC bulk (efficiency terms in equation 1.8).206–211 As the thesis work is not focused on performance but on fundamental research, the interest for the efficiency slightly fades. Herein, the n-type inorganic SC is solely taken as a reliable template. Nevertheless, to find a matching candidate for the role of photoanodic material, there are several requirements, which need to be fulfilled or at least considered: 1. Appropriate band gap, around 2.1 eV 2. Matching bands position 3. Fast charge transfer 4. Stable at operating conditions 5. Earth abundant 6. Inexpensive 7. Non-toxic  The band gap energy is the first one written because the most important parameter of all. From the band gap energy along with an assumed 100% IPCE, it is easy to calculate the maximum light current density that can be extracted by a given material (Figure 1-11). Due to the needed overpotentials (see subsection 1.4.2), much smaller semiconductors band gaps than 2 eV would not be able to lead to photoanodic oxidation of water, although it would give an advantage according to the maximum theoretical current, as shown in Figure 

1-11.  Moreover, the bands position plays a significant role for two reasons. On the one hand, due to the charge injection, finding a compromise between fast charge transfer and slow back reaction. On the other hand, owing to the thermodynamical charge separation abilities of the SC, i.e., the broader the depletion layer, the more pronounced the band bending, the greater the driving force to charge separation (Figure 1-9).    
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 The fast charge transfer is to be intended both in the bulk and at the interface. Typically, the toughest obstacle of the water oxidation itself lies at the interface and, if not, doping approaches can greatly boost poor bulk conductivities and solve the problem.202 Then, the difficult part shifts to the interface where novel and more efficient catalysts are needed.212  To the facts, many SCs that have the most attractive optical properties have major stability limitations. In section 1.4.2, those were briefly mentioned. Anions such as S2- and Se- get promptly oxidised by the photogenerated holes, hence the conditions at which they should work are too demanding.213,214 Cost, abundancy, and non-toxicity can be included in a single keyword – sustainability. A concept that applies in the market and environmentally.     

 
Figure 1-11. Theoretical maximum photocurrent (Jmax) as a function of the band-gap.  
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1.4.5 Hematite and co-doping Iron oxide is one of the most abundant compounds on Earth, hence extremely stable. Additionally, elementary iron appears in many minerals, and it is the fourth element in weight to take part in the Earth’s crust with approximate 5%. Therefore, the existence of an n-type SC made of iron and oxygen is already fulfilling three requirements from section 1.4.4, and particularly those related to sustainability. Moreover, the α-geometry of iron oxide is not only an n-type SC, but it is also an extremely good light absorber, with a band gap of 2.1 eV. Additionally, hematite is stable in water from medium to high pH values and to even high applied bias voltages. By contrast, hematite faces great challenges to accomplish the potential 15.5% STH conversion efficiency.215 After 20 years of deep research on hematite gone through constant improvements in nanostructuring and surface catalysis, only one third of the theoretical photocurrent has been obtained, 4.32 of 12.8 mA cm-2 calculated.202 Even, the record has arrived with a deluxe version of a photoanode, namely, Pt-doping, Sn-doping-diffusion, and Co-Pi as OEC.  By taking a closer look at the limitations of hematite itself, charge transfers in the bulk and at the surface are poor and the water oxidation is slow.216,217 The first one relates to an inherent hematite problem, namely the scarce electron mobility218, and a too short hole diffusion length.219,220 The second one, it is the consequence of surface trap states and a far-from-optimal catalytic sites.221–223 Therefore, doping has been widely employed in hematite with solar water oxidation application. For example, the indispensable high activation temperature principally applied on hematite films deposited on FTO enables the conditions for Sn diffusion, and hence Sn-doping.224 Hematite photoanodes have been extrinsically doped with many metals Sn, Ti, Zr, Si, Nb, Pt, Mn, Ge, Sb as electron donors, and with Cu, Mg, as electron acceptors.202,225–234 Non-metal dopant such as F and P have also displayed advantages in the extrinsic doping of hematite216,218, while the introduction of oxygen vacancies, being O2- the counterion in the oxide, can function as intrinsic dopant.208,211,217,235,236   As already reported in few cited articles, the doping can often help in one or some aspects of the electrode photoactivity. Nevertheless, the effect of the doping is confined. To allow a further boost of the performance, there are other left-out aspects that can be modified. And occasionally, this is doable through a parallel doping, i.e., a co-doping.  In solar water splitting, the synergetic effect of co-dopants dates back to 2004, when Luo et al co-doped titania photocatalyst with Cl- and Br-.237 By introducing the two dopants they 
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could narrow the band-gap and increase the photocatalytic activity. Previously no photocatalysis was involved, co-dopings were realised and authors could just observe the consequences, whether the dopants once in the material interact with each other, or whether the electrochemical capacity and cathodic properties can be improved.238,239 By contrast, co-doping in photoelectrodes based on metal oxides is a recent trend, that has only lately appeared.240–242 Due to its particularly sluggish charge carriers mobility, hematite has already been used more than other semiconductors for co-doping, and it was one of the first reported.243,244 As doping does, co-doping of hematite typically extra enhances electrical conductivity and charge carrier density. 245,246 Nonetheless, it can also mild the concentration of defects, hence promoting the charge separation yield in the space charge layer.247 In Chapter 5, I consider these concepts in order to explore co-doping on hematite template thin films in the shape of photoanodes for solar water oxidation. The study includes two species Li+ and Sb5+ added to a water-based spin-coating solution. At these conditions, the Sb addition is challenging, because it is carried out with a very hydrolysable precursor, namely SbCl5.    
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1.5 Motivation The graphene-based LGFET is a highly complicated system, owing to the numerous graphene materials syntheses and their modifications. Thus, I endeavoured to mention in the previous sections, 1.2 and 1.3, the origin, structure, and properties of the material classes firstly. Moreover, by using sheets or flakes, a reliable anchoring becomes essential, and this is often the case for GOs. As aforementioned, also the reduction approaches offer several possibilities.  In fact, there are conflicting explanations found in the published literature, which however leave some free space for other attempts to further rationalize the pH sensing of graphene-based LGFETs.37,187,188,248 In this complexity, the reactivity of graphene materials is certainly another variable to be controlled. Incorporation of N-atoms as dopants (substitutional) or as functional groups (with in-plane, both sides, or edge chemical reactions) can occur. 36,242,243 As GO possesses undeniable benefits, it is necessary to speak of its deposition. Typically, the anchoring of graphene sheets/flakes often includes APTES (see subsection 1.3.4). Then, the reduction is carried out afterwards with the risk of accidental doping of rGO, or even direct APTES-H+ interaction detected as electric field variation. Furthermore, although almost 90 years old, hydrazine hydrate, or multi-step including hydrazine hydrate, remains a top reduction medium for GO.76,101 Hydrazine hydrate is not only efficiently reducing, but also provides GO with N-introduction, which may be crucial for GO properties and the overall device performance.101,117 This can happen either in liquid or in gas phase.  A similar help should arise from NH3 reduction, which leads to a simultaneous reduction and N-incorporation, with the advantage of being clearly less toxic than hydrazine.102,249 Again, the reduction time could further support an ideal GO modification.250–252 A comparison of different reduction atmospheres and approaches, along with a careful investigation may bring to new insights into pH sensing mechanisms, and the chemistry of graphene derivatives. To which extent should GO be reduced to be best at LGFET pH detection? Which dopants and functional groups can alter the detection? At the same time, the pH detection becomes itself an analytical method in a symbiotic correlation, rather than a final application only.  By following section 1.4, the intent of the second project is to explore a novel co-doping with the combination of Sb with oxidation state 5+ and Li+. The way, how I envision it, is an approach, which is based on simplicity and reproducibility.  On the one hand, the relevance of subsections 1.1.1 and 1.1.2 calls for a method which is straightforward and sustainable. Thus, I choose to work with water solutions and hematite. 
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On the other hand, the uncomplicated process should also enable reproducibility. Hence, by using compact thin films and spin-coating deposition, I assume to minimise the number of involved variables. Furthermore, for the fundamental purpose of this study, I intentionally spare the activation annealing, so that no Sn diffusion takes place.253 This renders the study unique, as the common operation involves the 800°C activation, especially for solution-based methods.  In literature, the doping of hematite with Sb5+ shows a remarkable increment from the un-doped samples232, while Li+ doping shows clear pluses only in BiVO4 photoanodes254. The advantage of using Sb5+ has not encountered a co-doping trial with an additional cation yet, in particular with a cation with a lower oxidation state than iron in hematite. A hint this pathway is accessible and worth to be taken arises from Ru doping of hematite, where Ru shows different oxidation states.247 Since in hematite is observed that the photo-generated holes and electrons are likely to recombine in short time scales 225, an effort in the direction of enlarging the charge separation yield is needed. Therefore, the co-doping approach attempts at generating through co-doping double-donor-acceptor centres.  Moreover, a further novelty contribute is given by the verification of the feasibility of the in-

situ doping of hematite with Sb5+ cation. To the best of my knowledge, using a highly hydrolysable Sb(V) precursor in water-based deposition solutions accounts for a challenge that have not been solved yet, as well as the simultaneous doping with Sb5+ and Li+.     
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Chapter Two 

 

Materials and procedures 
      La mafia non è affatto invincibile, è un fatto umano e come tutti i fatti umani ha un inizio e avrà anche una fine. The Mafia is not at all invincible, it is a human fact, and like all human facts, has a beginning and will also have an end. Giovanni Falcone  Lerne von der Geschwindigkeit der Natur: Ihr Geheimnis ist Geduld. Learn from the speed of Nature: its secret is patience.  Anonymous – Bërgsteiger  
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2 Materials and procedures 
Chapter number two puts together all the experimental work, starting from the compounds (Table 2-1) and arriving at the methods for materials synthesis and preparation.   

Table 2-1. Commercial chemicals involved in the syntheses, substrates preparation, and analyses. 
Compound Composition CAS Supplier Purity 

(3-Aminopropyl)triethoxy- 

-silane (APTES/APTS) 

C9H23NO3Si 919-30-2 Sigma Aldrich 99% 
Acetone C3H6O 67-64-1 - Techn. 
Ammonia (gas) NH3 7664-41-7 Messer - 
Antimony(III) chloride SbCl3 10025-91-9 Fluka ≥99.0% 
Antimony(V) chloride SbCl5 7647-18-9 Sigma Aldrich 99% 
Ethanol C2H6O 64-17-5 - Techn. 
Ferric chloride 

hexahydrate  

FeCl3·6H20 10025-77-1 Merck For analysis (≥99.0%) 
Hydrochloric acid HCl 7647-01-0 - Techn. (35-37%) 
Hydrogen peroxide H2O2 7722-84-1 - 30% 
Lithium chloride LiCl 7447-41-8 Sigma Aldrich ≥99% 
Polyethylenglycol 

bisphenol A 

epichlorhydrin 

copolymer 

[C15H16O2·C3H5ClO·(C2H4O)n·H2O]x 42617-82-3 Sigma Aldrich - 

Potassium hydroxide KOH 1310-58-3 Merck - 
Sodium hydroxide NaOH 1310-73-2 Riedel de Haen For analysis (≥98.0%) 
Sulphuric acid H2SO4 7664-93-9 - Techn. (98%)    
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2.1 Graphene oxide colloidal solution The synthesis of GO was carried out at the University of Bayreuth, and the pH measurements were done in collaboration with AIT (Austrian Institute of Technology), the GO was received and employed for the first project (Chapter 4). Albeit various GOs were synthesised and tested at the University of Bayreuth, in this thesis only the Hummers GO (HGO) was used.255 Briefly, the synthesis method, which was followed to produce the concentrated GO solution (4.28 mg mL-1) is reported hereafter. Natural flake graphite (1 g, 125-250 µm, Reinstflocke RFL 99.5, Kropfmühl AG) and NaNO3 (1-2 g, Sigma) were mixed with conc. H2SO4 (40 mL, 98%, Sigma) until flakes turn blue (microscope confirmation necessary). In absence of it, a greater amount of NaNO3 must be added, and the mixture must be stirred further. Next, KMnO4 (4 g, Sigma) was added over 3 h to get to a dark-green and highly viscous suspension. This was then overnight mixed in an overhead shaker – a soft sound should be heard by opening the bottle. The resulting highly viscous brown slurry was later poured into ice-cooled DI water (30 mL). H2O2 (about 2 mL, 30% Sigma) was added to dissolve the formed MnO2, and it was poured until the solution turned golden and no more bubbling was observable. Purification of GO was conducted by repeated washing/centrifuging (3 times, 10 min, 5000-10000 rpm) and subsequent dialysis to reach 2-10 µS cm-1 ionic conductivity.    
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2.2 Production of a graphene-based LGFET  

 

 
Figure 2-1. a) Representation of the purchased IDEs and zoom-in of the electrochemical cell. Modifed from products brochure256. b) Production steps from empty IDE to rGO-IDE. 
2.2.1 GO deposition and anchoring As electrodes for the FETs, Micrux® commercial InterDigitated Electrodes (IDE) were used (Figure 2-1a). One electrode consists of two rectangular gold pads, called WE1 and WE2 pads, the typical source and drain, which were used for the device contacting. The contacts are then reaching a circular patterned area, named electrochemical cell (3.5 mm ∅). The gold contacts in the electrochemical cell are 10 μm broad, 10 μm thick, and also spaced 10 
m. The aim is to maximise the function of the channel material. The IDEs were first thoroughly cleaned with acidic piranha solution (a 3:1 mixture sulfuric acid and hydrogen peroxide), generously rinsed with DI water, and dried with compressed air (first phase of Figure 2-1b). 

b 
a 
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A SAM was generated by immersing the IDEs for 1 hour in an ethanol solution 0.1M APTES (3-aminopropyltrietoxysilane or also called APTS). Next, the IDEs were rinsed with ethanol to wash off the too loosely bounded APTES units. Moreover, to conclude the condensation reaction were annealed in oven at 120°C for 1.5 hours. As a result, strong Si-O bonds should arise. Successively, 15 µl of 1:80 diluted GO solution were dropcasted onto the electrochemical cell by means of a µ-pipette. The nanoflakes droplets were left reacting with APTES for 1 hour at ambient conditions in order to be electrostatically anchored. APTES amino groups are positively charged, and hence attract GO negatively charged flakes.142,257 After the waiting time, the IDEs were rinsed with abundant DI water to remove the GO excess and an atomically-thin graphene-like layer was left behind. And again, the GO-IDEs were dried with compressed air. 
2.2.2 Graphene oxide reduction approaches Various reduction atmospheres and approaches were employed in this work. All the different methods are listed with a short title for simplifying the information search. Conditions of reduction for in-situ XRD, as relevant data for Chapter 4, are also listed.  
Reduction and in-situ current monitoring in custom-made set-up The reduction set-up was a custom-made system made of a stainless-steel chamber, an alumina heating plate furnished with a thermocouple type S, contacting arms with clamps for metal or alloy needles, an amperemeter, a heating system, valve with possibility of connection for several gases, a vacuum pump, and the respective read-out electronics. The chamber could be hermetically sealed, to avoid any leak of harmful gases in case of overpressure.  The samples were introduced one by one for reduction/measurement, each time carefully contacted with the stiff Pt/Ti needles, and the help of a microscope. The constant contacting turned out to be a major problem with the changing temperature, as without contact the measured current was null. Only then, the chamber lid could be placed on top of the cylinder and manually sealed. The chamber was cycled 2 times with corresponding gas and vacuum, except when only vacuum was applied. In that circumstance, the pump stayed connected until the pressure remained unchanged for 30 s. In presence of gas, with the final gas loading, a slight overpressure was set to exclude any potential leaks.  With the reduction set-up, 4 atmospheres were investigated, namely, vacuum, Ar, 2.4% H2/Ar mixture, and NH3. Additionally, static and flow gas modes were explored to exclude variations (no difference observed). While measuring the current, which was initially forced 
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through the channeling GO, the heating system enabled temperature ramps. An optimisation of the heating ramp in light of reproducibility, time-consumption, and GO current increase, delivered a ramp of 10°C min-1 (see preliminary results at section 4.2). The ramp would take the temperature from room to 310°C, held it 40 min, and then controlled cool at 10°C min-1.  
Schlenk tube NH3 reduction The size of the Schlenk was selected large enough to accommodate two samples. The samples were gently let slide to the bottom of the Schlenk always facing up. Usually, the two sits in contact with their side and only slightly tilted. A heat gun with its heating aperture was placed exactly below the Schlenk tube bottom at 2 cm distance and the Schlenk was securely clamped at the fume hood frame. The temperature of the heat gun was set at 310°C. However, the temperature felt by the inner Schlenk tube bottom was 220°C, which could drop up to 10°C moving to the tube side. The temperature was assessed with a wire temperature sensor, touching the bottom of the tube. The target temperature was at least 200°C according to the reported GO literature. The sensor also provided information on the ramp too, i.e., the inner tube bottom heated up at about 50°C min-1. That means that maximum temperature was reached within 5 minutes. Once that the heat gun was turned on and correctly placed, the heating would last 1 h. Next, the heat gun was turn off, and as soon as the samples would cool down at room temperature, they were ready to be measured.  The alternative method was developed in light of some safety concerns for NH3 handling in the reduction set-up, and also the needed amount of time for a single sample reduction. The heating system could have eventually permitted higher heating ramps, but surely it would have come near the machine limit.  
Hydrazine hydrate reduction As reported elsewhere25,26,37,142, 1 ml of hydrazine hydrate was dropped at the inner rim of a glass petri dish, while the GO-IDEs were laid in the middle, avoiding direct contact. The glass lid was sealed with Kapton® scotch-tape, and the closed petri was given into an oven located in a fume hood. The reaction was run overnight at 80°C for 8 h. The so-prepared rGO-IDEs were then ready for further analyses or pH detection.   
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2.3 Production of hematite photoanodes  FTO is initially cut into 2x4 cm slides. Only later, the slides are cut into 2x1 cm photoanodes ready for testing. The 2x4 FTO slides are carefully cleaned by taking hint from a systematic cleaning procedure.258 With all the following cleaning media, the FTO slides are sonicated for 15 mins in a beaker, namely, washing soap-water mixture, acetone, and ethanol. The slides must be well covered in the beaker with the respective solution. Few recommendations after the soap-water sonication – the slides are rinsed and singularly blow-dried with compressed air and the beaker rinsed from soap rests. The cycle with the cleaning media is to be repeated. Only after a second cycle, the slides are sonicated for 20 mins in a 0.1 M KOH solution. To remove rests of KOH, the FTO slides are sonicated for 20 mins and generously rinsed with DI water. In case some slides are immediately needed, the slides must be also blow-dried, otherwise they can be stored in DI water in a capped beaker until needed. 
2.3.1 Synthesis of hematite thin film In a typical solution, FeCl3·6H2O (0.54 g) was dissolved in 20 mL DI water. Under gentle stirring, polyethylenglycol bisphenol A epichlorhydrin (0.54 g) was also added and dissolved. Then, the solution was ready to be spin-coated, and this was accomplished by means of a Pasteur pipette. To make a first layer, around 2 mL of the solution was necessary to entirely cover the FTO area due to the bad wetting. Meanwhile, the FTO slide was properly masked with scotch tape and just the deposition area was free. It must be said that of 2 mL the majority was wasted in the first spin-coating step. To achieve a sufficient light absorption, 4 layers were deposited, each layer was deposited at 1000 rpm for 9 s and 2000 for 30 s. After each deposition, the scotch tape was removed, and the electrode was annealed at 550°C to form hematite. The required amount of solution was later greatly reduced to ~500 μL thanks to the better affinity with hematite. The electrode was then cut into photoanodes with photoactive area of 1x1 cm.    
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2.3.2 Co-doping  

 
Figure 2-2. Picture of the two spin-coating solutions. On the left the standard one, whereas on the right the same solution with 100 μL HCl addition.  In order to dope hematite in-situ, the precursors for co-doping were added directly to the spin-coating solutions. However, to enhance the reproducibility and minimise errors, the amount of precursors are taken from mother solutions. LiCl (0.0424 g, 0.001 mol) was dissolved in 10 mL DI water, to obtain a 0.1 M solution. To get the same solution concentration, SbCl5 (0.299 g, 0.001 mol) was dissolved in 10 mL of concentrated HCl (36%). Therefore, to add a nominal 1 at% of dopants over mol of formed Fe2O3, 100 μL needed to be transferred to the respective spin-coating solution. 4 solutions were prepared including standard samples, two mono-doped samples (Sb5+ and Li+) and the co-doped sample. The HCl greatly inhibits the hydrolysation and stabilises the solution. No signs of hydrolysis were observed after about 2 years. As water and concentrated HCl were added to dope the spin-coating solutions, all the solutions were compensated with the missing solvents. Nevertheless, HCl addition slightly changes the solution viscosity and colour (see 
Figure 2-2). In particular, the viscosity factor could turn out in thinner deposited layers, which are not easily recognisable.  Moreover, Sb3+ was explored by following the same procedure. Also there, concentrated HCl was employed to exclude any risks of hydrolysis. To prepare the mother solution, SbCl3 (0.228 g, 0.001 mol) was dissolved in 10 mL conc HCl (36%).  Note, all spin-coating solutions are usually fresh-prepared, especially the ones containing SbCl5, which hydrolyses within 36-48 h at those conditions (figure ).     
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Chapter Three 

 

Characterisation  
   I think I could stand anything, any suffering, only to be able to say and to repeat to myself every moment, ‘I exist.’ In thousands of agonies – I exist. I’m tormented on the rack – but I exist! Though I sit alone in a pillar – I exist! I see the sun, and if I don’t see the sun, I know it’s there. And there’s a whole life in that, in knowing that the sun is there. Fyodor Dostoyevsky  Don't give yourselves to these unnatural men – machine men with machine minds and machine hearts! You are not machines! You are not cattle! You are men! Charlie Chaplin  
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3 Characterisation 
Chapter number three lists the characterisation methods used for this thesis and highlights their theoretical working principles. Furthermore, it also describes the methods from a practical point of view, always minding how the data were collected. 
3.1 Current-Voltage Characteristics With I-V characteristics, or I-V curve, it is possible to measure the electrical properties of a given material, device, circuit. A voltage is applied, and a charge motion is induced according to the nature of the sample.  
3.1.1 Principle Current-voltage characteristics means to apply a varying potential in the time and to measure a resulting current. That translates into three important facts, i.e., there is an applied potential bias, its scan rate, and an amperemeter. The outcome of current-voltage characteristics relates the recorded current with the potential of the working electrode. Such is a 2D plot called I-V curve, or J-V curve, in case the analysed area corresponds to the unit.  Generalising, a great impact on this has been given first from the developments of voltammetry, which has old origins. Another significant breakthrough is represented by the first three electrodes potentiostat (Hickling 1942).259 In his work in 1948, Randles highlights the importance of the “current-voltage curves” and comments on them. He uses a cathode ray oscillograph (rapid response is crucial), a micro-electrode, and applies a rapid potential sweep, making the whole operation fast, and hence practical.260  In this thesis, I-V characteristics has been widely utilised and thus they deserve particular attention. Both final applications of this thesis are based on an electrical measurement, either the pH sensing/transfer characteristics or the photoanodic water oxidation. Certainly, compared with the past, now the current-voltage measurements are fast and quite reliable, if few variables are considered or better when constant. This section is especially written for understanding and contextualising the coming data.   
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3.1.2 Applied in LGFET – Flow cell 

  
Figure 3-1. a) Representation of the functioning LGFET during pH sensing operations. b) Picture of the real LGFET from outside. The inlet and outlet tubing for the 0.1x PBS electrolyte is visible, as well as, the gate rod, sealed and pointing down to where the IDE electrochemical cell will be placed.   A custom-made all-in-one flow compatible platform ordered from MicruX Technologies was utilised to measure both pH sensing and the channel transfer characteristics (practically I-V characteristics). To move the liquid flow of 0.1x PBS solvent in and out a peristaltic pump with 400 µl min-1 was employed. The probe station was a Keithley 4200. A 0.1 V source-drain bias was constantly applied, while the gate voltage was set at -0.4 V, unless stated otherwise. Typically, for the pH sensing measurements of this work, a constant gate voltage was employed, and for the transfer characteristics, a -0.8-0.8 V sweeping gate voltage was used (IdsVg or IdVg). Though, there is an additional measurement to verify the current and its drift (Idst or Idt), and in contrast with the IdsVg and pH sensing, keeps both gate voltage as well as the PBS pH constant.    

b a 
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3.1.3 Photocurrent-Voltage Characteristics  

 

 
 

Figure 3-2. a) Current-voltage curves with photoanodes, light on (curve 1) and light off (curve 2). From 197. b) Schematic of the photoelectrochemical cell with anode, photoanode, and the thermodynamics of the half reactions to enable water splitting. c) The three electrodes for photoelectrochemical characterisation and beaker with the 0.1M NaOH electrolyte.  In the field of photoelectrochemistry, in 1972 Fujishima and Honda characterise with a potentiostat and a SCE the early TiO2 thin-film electrodes.197 Since then, not much has changed in the I-V characterisation of thin-film photoanodes. They recorded two currents, one while under illumination, and another one without illumination. The difference between these two currents is intended as the photoactivity. The current generated under illumination is typically referred to as the photocurrent, which can be sometimes misleading. A regular alternation of light and dark phases has been called chopped illumination and gives rise to current transients. Only in a second moment, current 

c b 

a 
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transients have been considered as additional relevant information in the overall photoelectrochemical characterisation.261,262 More details about data interpretation follows in subsection 5.3.5. In this work, the J-V curves were recorded at 25°C with a 0.1 M NaOH electrolyte (pH 13.1), thus, the RHE potential was calculated accordingly. The three electrodes were immersed all together in the same beaker with ~50 mL electrolyte. As counter, working, and reference electrode, respectively, a photoanode under testing, a platinum electrode, and a standard calomel electrode were used. The potentiostat allowing the J-V curves was a PGSTAT302N by Metrohm, while a Xe lamp with a Newport 1.5 AM G filter was employed for illumination. The distance, at which the testing photoanode was fixated in order to attain 1 Sun, was adjusted using a Thorlabs power energy meter provided with a photodiode power sensor. Dark and chopped measurements were manually realised. After each measurement involving electrolyte dipping, the photoanodes were generously rinsed with DI water and blow-dried.  
3.1.4 In-situ current monitoring  The system, which permitted the current monitoring of the GO channel while reducing, has been almost entirely described in section 2.2.2, because of convenience. The used thermocouple was a type S, hence the conversion of voltage to temperature was enabled by applying the expansion equation and the coefficients given by literature (Table 3-1).263 The equation is of the form:  𝑡_90 =  𝑑_0 +  𝑑_1 ∗ 𝐸 +  𝑑_2 ∗ 𝐸^2 + . ..   while the inverse coefficients and the errors according to each temperature and voltage subrange are tabled as follows   
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 Inverse coefficients for type S 
Temperature 
range 

-50 250 250 1200 1064 1664.5 1664.5 1768.1 
Voltage 
range  

-0.235 1.874 1.874 11.950 10.332 17.536 17.536 18.693 
d_0 0.000E+00 1.292E+01 -8.088E+01 5.334E+04 
d_1 1.849E+02 1.466E+02 1.622E+02 -1.236E+04 
d_2 -8.005E+01 -1.535E+01 -8.537E+00 1.093E+03 
d_3 1.022E+02 3.146E+00 4.720E-01 -4.266E+01 
d_4 -1.522E+02 -4.163E-01 -1.442E-02 6.247E-01 
d_5 1.888E+02 3.188E-02 2.082E-04 0.000E+00 
d_6 -1.591E+02 -1.292E-03 0.000E+00 0.000E+00 
d_7 8.230E+01 2.183E-05 0.000E+00 0.000E+00 
d_8 -2.342E+01 -1.447E-07 0.000E+00 0.000E+00 
d_9 2.798E+00 8.211E-09 0.000E+00 0.000E+00 
Error range 

-0.02 0.02 -0.01 0.01 -0.0002 0.0002 -0.002 0.002 
Table 3-1. Coefficients to convert voltage into degree °C for a type S thermocouple by exploiting the equation t_90. Modified from 263.   A missing detail is the applied voltage to induce a current between source and drain through the thin GO layer, which was as high as 0.1 V. Again, the voltage was applied via the two Pt/Ti needles, which showed some contractions and expansions during the thermal treatment causing the operator to spend much time to check and adjust any possible needle detachment on site. As a result, the system was extremely interesting from the GO characterisation point of view, however, it was slightly less from the efficiency perspective of the GO reduction.   
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3.2 Spectroscopy Spectroscopy defines a branch of scientific analysis methods that involve the interaction of electromagnetic radiation with the specimen. Typically, the result of the interaction is characteristic of the analysed substance. According to the type of interaction and exciting source, the several spectroscopies are defined.  
3.2.1 Fourier- transformed infrared spectroscopy (FTIR) Using infrared electromagnetic radiation, 200-4000 cm-1, it is possible to excite vibrational levels. Namely, a given molecule has vibrational modes depending on its symmetry that the absorption of IR wavelengths can activate. The rule of the degrees of freedom says that the vibrational modes are 3N-5 for linear, and 3N-6 for non-linear molecules. This is simply calculated considering the 3 cartesian coordinates for each atoms of the molecule and subtracting translational and rotational modes – linear molecules have only 2 rotational degrees of freedom. In the case of diatomic molecules, they can be treated as springs and the harmonic oscillator applies. For triatomic molecules or more complicated molecules, symmetry and point groups can clearly identify the IR active modes. Selection rules for IR spectroscopy necessitate a dipole moment variation throughout the corresponding vibration. By knowing that the water molecule belongs to a C2v symmetry group, it turns out that water has a reduced representation (Γred) equal to 2 A1 symmetry modes and 1 B2, and those are exactly the IR active modes.  In organic chemistry, IR spectroscopy is traditionally different due to the complexity of the molecules structure. Thus, the identification of the modes goes through functional groups, reliable standards were tabled. Functional groups of an analysed compound can be found by means of comparison, namely depending on peak shape, intensity, and frequency range. The convenience of the Fourier-transformed IR comes down to the measurement time. The Michelson interferometer sends all frequencies and the interferogram is later frequency-resolved to usual spectrum via the Fourier transformation.  In this work, a Perkin Elmer Fourier Transform infrared spectrometer (FT-IR) Spectral UATR-TWO with a spectrum Two Universal ATR (Single Reflection Diamond) accessory was exploited to attempt the characterisation of GO and rGO samples in the form of films and of powder.    
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3.2.2 Raman spectroscopy Raman spectroscopy is another vibrational spectroscopy, which however has diverse selection rules from IR spectroscopy. It involves radiation scattering and requires a polarisation change of the molecule while excited. Light can be scattered elastically (Rayleigh scattering), or it can experience red (Stokes) or blue shift (anti-Stokes scattering). The greatest part of it undergoes Rayleigh scattering, still anti-Stokes and Stokes scatterings provide information concerning rotational and vibrational transitions. In a molecule such as CO2, point group symmetry D2h, the power of Raman is concrete and complement IR; e.g., symmetrical stretching of CO2 is IR inactive, but Raman active, whereas the asymmetrical stretching displays the opposite behaviour.  Furthermore, Raman spectroscopy stands out as important tool for the characterisation of sp2-based carbon materials, such as graphite, graphene and CNTs. The typical evaluation considers D/G band ratio101,264–266 However, GO or rGO are highly-defected because of the harsh conditions of synthesis route, and hence require novel fittings or more holistic views.267  In this thesis, Raman measurements were carried out with a LabRAM HR800 (HORIBA Co.Ltd.). The source was a laser Ne:YAG diode and the 520.8 cm-1 Si Raman peak was used for calibration. 
3.2.3 UV-visible spectroscopy (UV-Vis) UV-Vis spectroscopy is a spectroscopic technique, in which the exploited electromagnetic radiation is ultraviolet and visible light (wavelength range 180-800 nm). The radiation induces electronic transitions in the analysed, atoms, molecules, or materials. The phenomena, to which the UV-Vis spectroscopy comes down are absorption and reflectance. In UV-Vis spectrophotometers, the wavelength is typically scanned from broader to narrower and the y-axis of a common plot shows the absorbance or the transmittance of the analyte. A fundamental milestone of UV-Vis spectroscopy involves solution samples (non-scattering samples), and it is the absorption Beer-Lambert law:   𝐴 =  log10 ( 𝐼𝐼0) =  𝜀 𝑙 𝑐 (3.1) 
 where the A is the absorbance, the I and I0 are the attenuated light intensity and the non-attenuated light intensity, ε is the molar extinction (or attenuation) coefficient, l the optical path (in cm), and c the solution concentration. Therefore, with tabled molar extinction 
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coefficients or calibration curves, a measured absorbance can be transformed into the concentration of the desired analyte. The spectrophotometer normally measures the percentage transmittance (%𝑇 = 𝐼 𝐼0⁄ ∗ 100%), which is then converted to absorbance (𝐴 = −log(%𝑇 100%⁄ )). The treatment of the electronic transitions for molecules follows the chemical description of HOMO-LUMO, based as MO theory. On the contrary, for solids the treatment follows a more physical description with VB-CB, based on the k-vector and thus the Bloch’s theorem. However, both treatments work and lead to the definition of compounds, and their UV-Vis absorption bands.  A small parallelism of the Beer-Lambert law in solids is depicted by the absorbance of thin films (𝐴 =  𝛼 𝑥 2.3) and the light attenuation could be described by the optical absorption depth α (α-1 in nm).268,269 The reciprocal value of α is a characteristic distance of a material, by which the light drops its intensity of a factor 1/e (~36%). However, an important parameter, x, the film thickness (nm) is given by SEM analysis (see subsection 5.3.6).  Without considering SEM, UV-Vis spectroscopy offers a hint about film thickness. Moreover, absorption intensity can also be related to defects such as oxygen vacancies, e.g., this was observed in hematite thin films.236 Measurements were carried out with a Jasco V-670 UV Vis spectrophotometer. The FTO slides were typically glued at a handmade paper window, which enabled the hematite deposited area to be properly exposed to the source light and almost completely vertical. As blank, it was utilised a non-deposited cleaned FTO glass slide. 
3.2.4 X-ray photoelectron spectroscopy (XPS) XPS is a surface-sensitive technique that provides information about the surroundings and oxidation states of elements, along with quantitative chemical composition. XPS relies on the photoelectric effect, namely, the phenomenon that involves the interaction of X-ray photons with atoms that will consequently emit inner shell electrons as photoelectrons (see Figure 

3-3a).  
Figure 3-3b schematises the XPS instrumentation where the aforementioned phenomenon is exploited. Essential is the monochromatised X-ray source, for example Al-Kα, which is directed onto the selected sample spot. The emitted photoelectrons are then collected and concentrated through the electron lens to reach the hemispherical analyser. There, electromagnetic lenses separate the photoelectrons depending on the energy levels. At the end of their path, the separated photoelectrons reach the photodetector, where they are counted for a given kinetic energy (KE). By knowing the incident photons wavelength and 
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the work function of the spectrometer, the binding energy (BE) can be calculated. Contrary to KE, the BE of an electron is distinctive of the material and of the original atomic state.  Energetically, it is crucial that spectrometer and sample are in conductive contact, as the Fermi levels must align. However, there is no alignment of the work functions too, i.e., sample one, Φsample, and spectrometer (detector) one, Φspec. As a result, there is an additional gap that the energy of the incident photons should cover, the difference Φspec - Φsample. Therefore, the remaining energy is KE that is measured immediately at the arrival of the photoelectrons at the detector. All the information translated into equations:    𝐾𝐸 = ℎ𝜈 − 𝐵𝐸 − (𝜙𝑠𝑎𝑚𝑝𝑙𝑒 + (𝜙𝑠𝑝𝑒𝑐 −  𝜙𝑠𝑎𝑚𝑝𝑙𝑒)) (3.2)  𝐵𝐸 = ℎ𝜈 − 𝐾𝐸 − 𝜙𝑠𝑝𝑒𝑐  (3.3)  

 Owing to short mean free paths of electrons in solids, XPS is limited to surface analysis reaching depths in the order of 1-10 nm. On the contrary, detection limits can oscillate more according to the analysed substance, from 0.01 at.% to 3 at.%.270 Completely excluded are instead H and He, which have too low photoelectron cross-sections. Furthermore, albeit the increasing chances to measure in ambient pressure, UHV is still a common and almost mandatory operational condition. Gas molecules can collide with the ejected photoelectrons altering the measurement. Also, as previously suggested, the sample conductivity is crucial for the alignment of the Fermi levels, but also to avoid charging effects.  In this thesis, the measurements were conducted with SPECS XPS spectrometer provided with a monochromatised Al-Kα X-ray source (μFocus 350) and a hemispherical WAL-150 analyser (acceptance angle: 60°). Depending on the sample and its substrate, the measured samples were either fixated at the sample holder with small metal clamps or with carbon tape. Pass energies of 100 eV and 30 eV were used for survey and detail spectra, along with 

  
Figure 3-3. a) Representation of the effect of an X-ray photon on an atom. b) A simplified scheme of an XPS apparatus and its main components. 

a b 
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1 eV and 100 meV energy resolutions, respectively (additional detail information: excitation energy: 1486.6 eV, beam energy and spot size: 70 W onto 400 μm, angle: 51° to sample surface normal, base pressure: 5·10-10 mbar, pressure during measurements: 2·10-9 mbar).  CASA XPS software was employed for data treatment, with typical transmission corrections, 
i.e., Shirley background and Scofield sensitivity factors. Unless differently stated, the charge correction based on the adventitious carbon (mixture of C-C sp3 and little sp2) was always utilised, so that its peak lies at BE 284.8 eV.271 Albeit a powerful technique, XPS could also lead to relevant mistakes. In the two main projects that will be presented, the XPS analysis was interpreted in the light of other results and ample corroborating literature. In the rGO project, particularly important were the atomic percentages (at.%) of the composition quantifications. Nevertheless, atomic thin layers and inhomogeneous films compromise the usual detection limit of about 0.1-1 at.%.   
3.3 X-ray diffraction (XRD) The X-ray diffraction is practically based on elastic scattering from the electron. A regular array of scattering points produces a regular array of spherical waves. These waves can interfere destructively and cancel one another. Nonetheless, they also interfere constructively as described by the fundamental Bragg’s law:   𝑛𝜆 = 2𝑑 sin𝜃 (3.4)  where n is an integer, λ is the X-ray wavelength, d is the distance between the two scattering points, and θ is the Bragg angle (see Figure 3-4). In case of a crystal, d is the lattice spacing. XRD is a great technique to characterise large crystals because they give out patterns with sharp peaks, whereas smaller crystals lead to broadening of the signals. Although broadening is a disadvantage, the observation could be used to corroborate the presence of defects. Furthermore, XRD according to the lattice geometry identifies material phases, its quantitative relevance and texture orientation. Nevertheless, to calculate the mean size of the crystal domain from the broadening, the Scherrer equation applies:   𝐷 =  𝐾𝜆𝛽 cos𝜃 (3.5) 
 with D the mean size of the crystal domains, K the shape factor, λ the X-ray wavelength, β the FWHM, and again, θ the Bragg angle. Note that the Scherrer equation offers only a lower 
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limit of the crystal size, as there might be signal broadening due to additional instrumental weaknesses.  XRD is a powerful technique to evaluate changes in the interlayer distance in graphene materials99, albeit it is still difficult to rely only on the diffraction patterns when materials are extremely defected, such as GO and rGO. Compared to XPS, XRD analysis offers more comprehensive information, which is especially important to understand inhomogeneity and phase segregation. On the one hand, XRD detected X-rays reach deeper layers of the investigated material, a clear example is given in subsection 5.3.4. On the other hand, it analyses wider spot sizes, in the order of mm2-cm2. Furthermore, some in-situ studies were conducted on GO samples with temperature increase and exposure to different atmospheres (vacuum, air, NH3, H2).   
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 In this work, X-ray diffraction (XRD) was performed using an XPERT III: PANalytical XPert Pro MPD (Θ–Θ Diffractometer) for the in-situ experiments and an XPERT II: PANalytical XPert Pro MPD (Θ–Θ Diffractometer) for the ex-situ experiments. The sample was placed on a sample holder and irradiated with a Cu X-ray source (8.04 keV, 1.5406 Å). The signal was acquired with Bragg–Brentano Θ/Θ-diffractometer geometry ranging from 20° to 80° degrees for hematite or from 5° to 30° for GO/rGO. The detector system was a semiconductor XCelerator (2.1°) detector. Mirrors were utilised to filter the rays replacing beta filters.  The in-situ experiments on GO were carried out under air, vacuum, pure H2 and NH3, with flow and static. Additionally, temperatures were ranging from 25 °C to 700/800 °C without a controlled ramp. Nevertheless, the steps were short at lower temperatures, namely 50°C increase until 400°C, and up to higher temperatures the given step was 100°C. 
3.4 Scanning electron microscopy (SEM) SEM is an electron microscopy; thus, it uses an electron beam to send small wavelength of electrons to interact with matter. Abbe equation defines that the resolution, in an ideal optical system, strongly comes down to the wavelength of the irradiated particles:   𝑑 =  0.61 𝜆𝑛 𝑠𝑖𝑛𝛼 (3.6)  where d is the resolution, λ is the wavelength of the incoming particle, n is the free space refractive index, and α is the semi-angle in radians. If the resolution depends on the wavelength, it means that visible light photon will resolve an image to a maximum, which is about 0.2 μm, considering small aberrations of optical lenses.   

  
Figure 3-4. Schematic of the XRD working principle.  
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 By contrast, the resolution in electron microscopes relates to the speed of electrons (i.e., acceleration voltage, U) and the extent of  aberrations.  When a focused electron beam shines onto a sample, it scatters electrons in several ways, as depicted in Figure 3-5a. Amongst these, secondary and backscattered electrons for scanning electron microscopy (SEM) purposes, X-rays for energy-dispersive X-ray spectroscopy (EDX), scattered electrons for transmission electron microscopy (TEM). The great advantage is that scattering factor is unique for each material. SEM electron beam focuses onto a small spot of the sample and the detector collects the secondary electrons along the sample. The conversion is such that the collected electrons from each spot according to their amount turn into to a corresponding pixel brightness. As observable by Figure 3-5b, the low SEM acceleration voltage (max. 40 kV) generates secondary electrons lower than 50 eV, with escape depths of 5-50 nm. On the contrary, secondary electrons that do not escape, though travel horizontally, cannot be identified prior to interaction with the sample. As a result, rough surfaces can increase the contrast 

 

 
Figure 3-5. a) Shining a sample with an electron beam provokes various phenomena. Three of them are exploited by TEM and the rest by SEM. b) The different emissions (electrons or X-rays) are originated at different sample depths and the sections have different sizes (bulb shape). From 272 

a 
b 
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(surface charging effect), since they emit more electrons and look brighter. Furthermore, a raised scattering probability can also strengthen the contrast (“Z contrast”), and this comes from materials with superior electron density. Albeit the effect is not strong in SEM, with significant Z disparities it becomes noticeable. This work used a FEGSEM Quanta 200 (USTEM, TUWien) by collecting secondary electron under high vacuum (10-6). Surface sputtering AuPd of few nm was attempted to reduce surface charging effect and enable better micrographs.    
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3.5 Optical microscope As expressed before by the Abbe equation (eq. (3.6), the resolution depends on the wavelength of the incoming entities. Therefore, in case the entities are light photons, as in optical microscope, the image resolution will reach a maximum of about 0.2 μm, always considering the lenses aberrations. In this thesis, a Zeiss Imager.M1m was used to determine the pattern in UV-photolithography treated samples, with a maximum zoom lens Zeiss 50x. A Zeiss 100x was available, however not necessary for the purpose.  
3.6 Profilometry With profilometry is meant an analytical technique, whose action is measuring a surface’s profile, aiming at the quantification of its roughness. While the origin of the profilometry technology arises from a stylus with surface contact, several modern devices can measure the surface topography without it. On one side, the principle of a stylus-profilometer is the diamond stylus itself, whose height adjustments are converted into a digital signal and presented as an xy/xyz plot. The stylus radius oscillates from 20 to 50 nm, and its applied force hovers between 1 and 50 mg. On the other side, if the contact does not occur, the technique tendentially recalls other imaging analysis or sensing, e.g., confocal microscopy, laser triangulation, etc.  The benefits of leaving untouched the sample is surely the absence of surface wear. Additionally, non-contact profilers show higher speed of analysis, as the scan rate is not dictated by the surface. By contrast, contact profilers can dig into surface contaminants and have a more realistic feel of the surface. Moreover, the stylus radius can go down to 20 nm, a step forward than the light optical profiling, and the vertical resolution is also remarkable falling to sub-nm. In this work, a Dektak XT Bruker was used, with stylus tracking force 1 mg, stylus type radius 2.5 μm, range 524 μm and 65.5 μm. The profilometer could detect hematite-FTO steps of around 60-90 nm and with an adequate error. However, the characterisation of additional samples of the same nature did show significant complications, e.g., drifting flat surfaces, exaggerated and swollen rims. This occurred without parameters alteration.    
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Chapter Four 

 

rGO as pH sensor LGFET  
    Alcune persone ti mostreranno l’oscurità pesante della notte e gli alberi muoversi come figure terrificanti, altri invece ti faranno notare il fuoco acceso e poi, seguendo le faville, le stelle. Decidi, ogni volta, chi è il tua guida. Some people will show you the heavy darkness of the night and the trees moving as terrifying figures, some others however will make you notice the burning fire and then, following the sparks, the stars. Choose, every time, who is your guide.  Myself  The only way to do great work is to love what you do. If you haven’t found it yet, keep looking. Don’t settle. Steve Jobs  
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4 rGO as pH sensor in LGFETs 
In Chapter Four, rGO is used in a FET live pH sensor. As earlier mentioned, such sensor can also be employed as analytical method to dig deeper into the GO degree of reduction and its functional groups. Detailed and systematic characterisation is a crucial part of the Chapter architecture.  
4.1 Introduction The pH sensing can be carried out in several ways as pointed out in section 1.3. One of them is the FET, earlier launched as ISFET.181,273,274 The advantage of a transistor as ion sensor would be the amplification and parallel energy saving, as a limiting factor in common pH meters is the high electric resistance from 50 to 500 MΩ.275  Graphene materials, namely graphene and reduced graphene oxide, have already displayed remarkable pH detection capabilities, by using only atom-thin layers in surprisingly small FETs.37,187,248 Moreover, graphene oxide benefits of big scale production with modest costs.276,277 Thus, the reduction of GO becomes extremely relevant, and precisely if that is a controlled reduction, which seems the only way to improve devices with specific application, e.g., FETs. 278 However, multiple explanations concerning the pH detection mechanism do not facilitate the duty.37,187,188,248,279 Much understanding of single applications should be gained in order to target the partial reduction of GO. Furthermore, live monitoring of the reduction is a key feature to finally select the conditions and the method to realise an optimal controlled reduction.280  In this Chapter, in-situ techniques and profound XPS characterisation enable to draw sensible correlations between what is seen in the flow cell and actual defects in rGO.   
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4.2 Preliminary results In the preliminary results, I include information and data, which were chronologically collected earlier, and thus were fundamental to optimise methods and hint wiser analysis approaches. In fact, it is intended as a bridge from Chapters 2 and 3 to the specific findings of Chapter 4 and later Chapter 5. Due to the importance of the information towards a critical scientific method, particularly relevant are the initial data of in-situ current monitoring, XPS analysis, and Raman analysis. 
4.2.1 Optimisation and reproducibility in-situ current monitoring  

0 10 20 30 40 50 60 70

0.0000

0.0005

0.0010

0.0015

0.0020

0.0025

t / min

I /
 A

0

100

200

300

400

500

600

700

T 
/ °

C

 

0 20 40 60 80 100

0.0000

0.0005

0.0010

0.0015

0.0020

0.0025

t / min

I /
 A

0

50

100

150

200

250

300

350

 T
 / 

°C

 0 20 40 60 80 100
1E-13

1E-12

1E-11

1E-10

1E-9

1E-8

1E-7

1E-6

1E-5

1E-4

0.001

t / min

lo
g 1

0(
I)

0

50

100

150

200

250

300

350

T 
/ °

C

 
Figure 4-1. a) One of the first samples to be live monitored during the thermal treatment. On y-axes current and temperature, on x-axis the time in minute. b) To check the reproducibility of the process several samples were treated in H2/Ar atmosphere using a temperature ramp selected by means of the first experiments. c) By plotting the logarithm base 10 of the current, the starting current is visible. Contacting issues may cause signal instability.   In order to understand what is the maximum temperature at which treating the GO-IDEs, a sample was heated in H2/Ar atmosphere up to 600°C with 10°C min-1, while the cooling was not controlled (Figure 4-1a). At ~310°C, the sample shows only peak upon heating, and its highest current hovers around 0.024 A. By contrast, upon cooling, another peak is visible. 

a 

b c 
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Likely, at already 500°C, an irreversible melting of the thin glass, of which is made the IDE, starts degrading. At the end of the process, the gold pads look green/blue – that is the colour of the gold facing the glass normally. A second confirming trial was performed to verify the observation and exclude mistakes. It must be said that in the cooling section at about 70°C, the current drops surprisingly fast and the final current and trend might be affected. However, to avoid any sample damage and according to the current behaviour, I apply 310°C as maximum heating temperature and keep the ramp at 10°C min-1(see Figure 4-1b-c). Upon applying these conditions, the current maximum is achieved before the temperature tops. By holding the temperature at 310°C, the current falls exponentially until the cooling begins. The decrease can be estimated around 0.75 mA. Upon cooling, the current bounces up and down and finally stabilises at ~0.016 A. Furthermore, Figure 4-1b displays that the temperature onset is around 210°C and that, for each sample the noteworthy change in current occurs within 7 minutes. In addition, Figure 4-1c points out that the current starting points lie between 10-10 and 10-6 A, which is a rather significant gap. This can be a direct consequence of the presence of intercalated water and loose flakes. Though, high reproducibility is then shown when samples are heated.    
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4.2.2 SEM images after thermal treatment 

  
Figure 4-2. SEM micrographs of GO on IDE after the typical thermal treatment with H2/Ar atmosphere (10°C min-1 cooling/heating and max T 310 for 40 min). a) Micrograph at 500x magnification. b) Micrograph at 10’000x magnification.  After the applied thermal treatment in presence of the H2/Ar atmosphere, clear typical images of rGO can be studied.26,142,257,281,282 In Figure 4-2a and Figure 4-2b, we see two magnifications of SEM micrographs. From the lower magnification 500x micrograph, it can be noticed that the rGO flakes cover quite evenly the electrochemical cell, which is easily identified thanks to the interdigitated electrodes and SiO2 array. The size of the deposited flakes goes from few μm to 100 μm in length or width. The layer looks mainly monoatomic with frequent overlapping to diatomic layer. The stacking gets to a maximum of three atomic layers in rather small areas. From the higher magnification 10000x micrograph, the flakes evidently exhibit the first visible defects, i.e., wrinkles and darker spots.  
4.2.3 For a more reliable XPS analysis 

Sample 
at. % from survey C O N Si Au O N 

GO 1 48.4 32.0 2.2 10.3 7.1 31.35 2.2 
GO 2 46.3 30.7 2.2 12.0 8.9 

H2/Ar-rGO1 56.4 24.0 2.7 9.7 7.3 24.35 2.35 
H2/Ar -rGO2 56.0 24.7 2.0 10.2 7.0 

NH3-rGO1 53.4 24.6 4.1 9.1 8.9 23.35 3.7 
NH3-rGO2 55.0 23.1 3.3 10.1 8.5 

 

Table 4-1. Atomic concentration percentages of relevant elements from XPS surveys analysis conducted directly on the GO- and rGO-IDEs  

b a 
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GO and rGO were analysed by XPS directly on the support IDE. To reduce GO to rGO with the two gases, H2/Ar and NH3, the custom-made set-up was employed. Table 4-1 reports the atomic percentages for 5 expected elements, C, O, N, Si, and Au. Remarkable or at least detectable amounts of the first three elements are expected in or at the GO/rGO layer. On the contrary, Si and Au are expected in the electrochemical cell of the IDE, owing to contacts and the supporting glass material. As the XPS spot size is 400 μm, two spots are selected to enable a more reliable sampling. Hence, crucial elements, namely O and N, are averaged. The O should suggest the degree of reduction, and N should occur in rGO as doping atoms or functional groups.  Upon comparison of the table numbers, we see values that are oddly oscillating, because in one spot there may be more GO/rGO than in the other one. However, the readable information here results in two points, i.e., the deoxygenation and the N increase. On the one hand, the deoxygenation corroborates the GO partial reduction.283,284 On the other hand, the growth of N at% is consistent with a N doping or functionalisation of GO.102,249,285 Nevertheless, the actual conclusions are dissimilar. Namely, GO-IDE displays already significant N at%, hence N1s detailed analysis on GO anchored with APTES would presumably be an analysis with ambiguous results. Furthermore, if the N1s detail spectra is carried out on a 400 μm spot with 2-max 3 atomic layers, and in addition the at% is 3.7±0.4%, the signal will be too small to be fitted in its components.    



73  

4.2.4 Raman on thermal treated GO 

 
Figure 4-3. Raman spectra of GO and rGOs. The measurements were carried out directly on the GO-IDE, which is noticeable by the upper tight image in every plot. To increase the reproducibility two spots of the samples were measured.  Raman measurements of Figure 4-3a-f were conducted directly on the samples. GO and H2/Ar-rGO spectra do not show a clear D/G band ratio alteration, as it is manifest for the Hyd-rGO. This is already a valid reason to carefully characterise with Raman spectroscopy thermally treated GO, in these conditions. Nonetheless, we can draw some preliminary conclusions from these data.  However, first a preamble is needed by adding the above mentioned information concerning the in-situ current monitoring of the reduction, and the XPS characterisation. On one side, it is difficult to exclude that the thermal treatment of GO along with removing intercalated water, it also deoxygenates GO flakes upon removal of debris.286 On the other, it is reported that the only a small enhancement in the content of deoxygenated carbon can cause a substantial expansion of the electrical conductivity.280,287 Additionally, another matter is the highly defected GO lattice, which includes the size and edges of the flakes (sheets, ribbons, etc.).280,288  In light of the reported data, H2/Ar-treated rGO (Figure 4-3a and c) displays a 0.97 D/G band ratio compared to the 1.01 of the reference GO. A same effect of the thermal treatment is observable elsewhere283,289, and corroborates the hypothesis of a partial reduction. In fact, the reduction can easily be limited to small areas of the GO flakes layer, particularly carboxy 
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groups at edges.101,290,291 Furthermore, the effect of intercalated water elimination on the removal of functional groups and on creation of C vacancies is still unknown.   
4.3 Effect of atmosphere in GO thermal reduction NH3, in liquid292,293, simple gas exposure102, or plasma exposure294,295, has already demonstrated to induce relevant and advantageous alterations of GO, i.e., from doping to functionalisation. H2 plasma296 or as H2/Ar mixture, with plasma297 and without298, have also been employed. Vacuum has only been coupled with other techniques, either sequentially26 or simultenously299. More rarely, pure Ar has gained attention149,300, as likely N2 is cheaper would lead to a similar rGO. To control rGO channeling and pH sensing properties, I explore the effect on GO thermal-assisted reduction of 4 different atmosphere, namely, vacuum (1x10-3 mbar), 2.4% H2/Ar, 100% Ar, and 100% NH3. To appreciate how the thermal treatment in these conditions affects the GO partial reduction, the current flowing through the GO/rGO channel was constantly recorded.    



75  

4.3.1 Results and discussion 

4.3.1.1 Current live monitoring to rGO-FETs  

0 20 40 60 80 100 120

0.0000

0.0005

0.0010

0.0015

0.0020

0.0025

0.0030

 H2Ar   Ar   Vac   NH3

t / min

I /
 A

50

100

150

200

250

300

 T
 / 

°C
 

 

Figure 4-4. a) Current monitoring of thermal treatment conducted in presence of 4 atmospheres, such as vacuum (dark yellow), Ar (red), H2/Ar (green), and NH3 (blue). In addition, the plot has been split in 4 chronological phases of different colours according to the temperature ramp changing points, namely, heating is the I phase (violet), holding the II phase (orange), cool-controlled the III phase (green), and cooling-uncontrolled as too slow the IV phase (red). b) Resistance and standard deviation of rGOs after the respective thermal treatment in the 4 atmospheres. The colours are identical, i.e., vacuum (dark yellow), Ar (red), H2/Ar (green), and NH3 (blue).  The result shows four curves, which are separated in four phases (Figure 4-4a) . For convenience, the phases are almost identical to the temperature ramp, i.e., heating, holding, cooling, adjustment to room temperature. In Table 4-2, I intend to simplify the read-out of 
Figure 4-4 There, the most relevant information is offered by the current trends themselves. The current values are indicative, as the taken samples are representatives of the batches. As a result of the Table 4-2, NH3 and Ar display the exact same behaviour, but NH3 has an earlier on-set and boost in current. Since Ar is a typical inert gas, NH3 seems to react with GO while heating. Literature findings strongly agree on the possibility of simultaneous reduction and N-doping (see section 1.2.4).102,249,295  

 I phase II phase III phase IV phase 

Vacuum increase increase (on-set) Decrease (max) steady 
Ar increase (on-set, max) decrease increase steady 

H2/Ar increase (on-set, max) decrease bump steady 
NH3 increase (on-set, max) decrease increase steady 

 

Table 4-2. The current transients are ordered by splitting their behaviour in a determined phase. The current on-set and maximum are also highlighted as critical parameters. 
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 Another property, which surely plays a role is the thermal conductivity of the gases. The discrepancy between Ar and H2/Ar is only a 2.4% H2, which even in the purest case is not reported as reduction medium for GO, unless as plasma. Gas H2 (P=0) owns a thermal conductivity of 186.6 mW m-1 K-1 at 300 K, while NH3 and Ar (P=0) own a corresponding 25.1 and 17.7 mW m-1 K-1 at 300 K. This corroborates the fact that the thermal conductivity could affect the recorded current provoking the bump visible in the plot. For its part, vacuum is a terrible thermal conductor, whose conductivity approximates 0.001 mW m-1 K-1 at 300 K. The late on-set and current maximum are consistent with the low value. To double check current recorded by the set-up for, the resistance of the channel was systematically measured with a multimeter after each reduction (see Figure 4-4b). The outcome agrees with the final steady current given by the custom-made set-up. NH3 offers resistances around 45 Ω, H2/Ar and Ar of 70 and 74 Ω, and vacuum with a significant variance of ±31 Ω and touches an average of 163 Ω. The resistance before the thermal treatment was also measured resulting in resistance overloads or at least of about 106 Ω (remind of Figure 4-1c).  
4.3.1.2 rGO-FETs current-voltage characteristics As described in subsection 3.1.2, the rGO properties as a transistor channel are determined through the transfer characteristics measurements and the corresponding IdsVg plot. Upon sweeping of the applied gate voltage, the current ideal semiconductors follows a typical parabola shape. In IdsVg plots, a crucial data point is the Dirac point, the parabola minimum that defines the contribution of electron and hole carriers to the generated current. In this circumstance (Figure 4-5a), except for NH3- rGO Dirac point at -0.20 V, the remaining rGOs show positive Dirac point voltages. Vacuum treatment gives a Dirac point potential of 0.11 V, whereas both Ar and H2/Ar give it a 0.20 V. Furthermore, the Dirac point current is highest for NH3 treatment, lower for H2Ar and Ar, and lowest for vacuum, respectively 1.10 , 0.30, 0.28, and 0.11 mA. Here, we can see the trends of Dirac point potential and current through two types of lenses, namely, the degree of reduction and chemical modifications (doping, functionalisation).  The Dirac point current, strictly connected with the current and resistance measured in the previous section, hints a ranking of reduction efficiency. In other words, the better GO reduces, the higher the Dirac point current. If the same concept applies to the Dirac point potential, we can say that the right shift of Ar and H2/Ar compared to vacuum, arises from a better reduction. However, the easiest removal of functional groups involves carboxyl 
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groups290,301, which should induce a Dirac point potential right shift302. On the contrary, we see here the theoretical “better reduced” GO has a more positive Dirac point potential.  Another uncommon feature is the maximum of vacuum rGO at about -0.7 V, which should suggest the presence of an oxidisable species at the GO surface. However, something that has been considered in the GO investigation of its thermal treatment is the presence of highly oxidised debris (OD).286,303 That is consistent with the less positive Dirac point potential of vacuum rGO. In case, we can deem that the ODs are covered with O-containing functional groups, we can also hypothesise that these groups could slow down travelling holes. Thus, these holes will contribute less to the measured current.  Furthermore, I cannot exclude that the ODs are also more like agglomerates that have a highly oxidised outer shell and a graphitic inner core. Hence, the agglomerates, that are not cleaned through thermal treatment, might be responsible for the vacuum-rGO -0.7 V maximum due to their oxidisable core. As a result of the now discussed data, the Dirac point potential and current alterations of NH3-GO could be originated from a better cleaning properties of NH3 over the ODs. Nevertheless, GO was reported to be reduced and N-doped following a NH3 thermal treatment.102,285 It must be said, that the Dirac point potential shift and current enhancement are remarkable. Therefore, the only effect of NH3 as cleaning medium can be sensibly excluded.  
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Figure 4-5. a) I-V characteristics of LGFETs through rGOs after the respective GO thermal treatment in the 4 atmospheres. The gate voltage is swept between -0.8 and 0.8 V, whereas 0.1 V are applied between source and drain. Colours show continuity, specifically, vacuum (dark yellow), Ar (red), H2/Ar (green), and NH3 (blue). b) Baseline control of LGFETs by applying a constant gate voltage -0.4 V and usual 0.1 V between source and drain. 
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By keeping the gate voltage constant, as in Figure 4-5b, we observe the current drift. The reproducibility and stability are important parameters for the FETs. On the one hand, the reproducibility can vary remarkably by comparing same treatments, but in different sample batches. This the example of H2/Ar, while NH3 samples, although from the same batch and with highest current, offer the tiniest standard deviation. On the other hand, the current stability calculated with two values, i.e., the “first drift” between 200 and 300 s and the “second drift” between 200 and 600 s. To consider the current intensity in the calculation, the two values were normalised for the measured current of the respective sample at 200 s.  NH3 treatment shows a maximum current drop 200-300 s within 1%, and a 200-600 s current drop within 2%. Ar and H2/Ar-treated GO exhibit less stability, in the best case, with a first drift of 6.8% and second drift of 14.8%. Interestingly, vacuum samples are more stable (in the best case 3.9 % and 9.3 %, for first and second drift) probably taking advantage from lower current at 200 s.   



79  

4.3.1.3 XPS analysis  
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 XPS surveys highlight the atomic concentration percentage of the selected elements (Figure 

4-6a). The surveys were carried out on GO deposited on common p-type Si wafers, which were treated with the same procedure as the samples. The typical C, N, and O peaks appear at BE of 285, 400, and 532 eV, respectively 304–306 Excluding NH3, the trend followed by C or O at% is to a certain extent inversely proportional, i.e., the worst cleaned/reduced displays the greatest O at% and smallest C at%, while the best displays the opposite. Hence, GO reference has 68-69 C at% and 30-31 O at%, whereas Ar-H2/Ar have 84-85 C at% and 13-14 O at%. Albeit NH3 has 6-7 O at%, C at% hovers around 83-84, because the presence of N is considerable up to 10-11 at%. Small N at% occurs in other samples too, usually below 1%, depending on the analysed spot. Nevertheless, higher amounts are detectable, likely due to impurities or difficult integration of modest signal. In C1s detail spectra, Figure 4-6b-f, it was applied a calibration adjustment according to previous XPS studies. Namely, for GO the highest intensity was moved to BE 284.8 eV assuming a mixture of C-C sp3 and sp2 as in adventitious carbon.307,308 By contrast, for rGO the highest intensity was shifted to BE 284.5 eV (for convenience lower resistive GO stays rGO).309,310 Consequently, the fitted components are hydroxyl groups at BE 285.6 to 286.4 
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Figure 4-6. a) XPS survey spectra of GO and rGO treated thermally in different atmospheres. b)c)d)e)f) C1s region detail spectra of GO and rGOs. g) N1s region detail spectra of NH3-rGO. 
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eV, epoxy at BE 286.1 to 286.8 eV, carbonyl at BE 287.0 to 287.7 eV, carboxyl at BE 288.3 to 289.3 eV, and the tail assigned to pi-pi* stacking at BE 290.8 to 291.2 eV. 284,306,311 A certain degree of reduction/cleaning trend is intuitable by looking at the intensity of the components peaks. Thus, the detail spectra are consistent with the survey spectra and can qualitatively identify particularly the C-O functionalities.  Owing to its elemental abundance, N1s detail spectrum is presented for NH3 treatment. We can observe four main peaks, which are related to N-containing functional groups in rGO. At lower BE, 398.4 to 398.6 eV, we label pyridinic N, BE 399.6 to 399.8 eV pyrrolic N, aromatic NH2 and pyridone N, BE 401.0 to 401.1 quaternary N and at higher BE 405.7 to 405.9 eV N-oxides of pyridinic N 305,306,312.  The XPS results corroborates the proposition that NH3 chemically interact with GO. Moreover, the N1s detail spectrum confirms with the pyridinic presence that N is a dopant in the analysed rGO.312–314 However, another group that enters the lattice is quaternary N, while the remaining components are practically surface ones belonging to GO functionalisation.     
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4.3.1.4 XRD analysis  
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Figure 4-7. In-situ XRD patterns of GO under thermal treatment in 4 atmospheres. To better explain what I peak and II peak are, a and b figures are added. a) XRD pattern of GO treated in vacuum atmosphere at 200°C temperature stage. b) XRD pattern of GO treated in vacuum atmosphere at temperature 250°C stage. c) XRD patterns at increasing temperatures in vacuum 3*10-3 mbar atmosphere. d) XRD patterns at increasing temperatures in 100% Ar atmosphere. e) XRD patterns at increasing temperatures in 100% H2 atmosphere. f) XRD patterns at increasing temperatures in 100% NH3 atmosphere. g) Trend of the observed peaks in XRD patterns in function of the temperature.    
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The diffraction patterns measured in-situ under different atmospheres show a common trend, i.e., a shift of the observed I and II peaks to higher 2θ values (Figure 4-7c-g). However, a faster shift is observed for the I peak, this is displayed by comparing vacuum heat treatment of GO at 200 and 250°C (Figure 4-7a and b). According to how little amount of GO is under heat treatment, the curves can develop more noise (vacuum and argon case, 
Figure 4-7 c-d), nevertheless raw data were preferred. In order to better grasp how the peaks maximum varies depending on the temperature, it was plotted the graph in Figure 

4-7g. Before 150°C, the 2θ there are already relevant differences. NH3 treatment holds the lowest I peak 2θ values, while vacuum one the lower values until 100°C. Ar atmosphere displays some general uncommon features, both in the I peak and in the II peak. In fact, the sample was prepared after the analysis of H2 and NH3 and likely with lower amount. As a result, we see a bundling of 2θ values between 150 and 200°C, with the exclusion of Ar. Interestingly, NH3 II peak is the first appearing at 150°C, whereas the other atmospheric conditions do not show any maximum yet. The remaining atmospheres exhibit a II peak only from 200°C. At higher temperatures, if we can be said that NH3 I peak keeps owning the lower values, its II peak has the highest 2θ values until 350°C, when it crosses vacuum and H2 II peak. Amongst 300 and 350°C, there is a remarkable jump of the vacuum and H2 II peak from around 22.5° to 24.5° 2θ values. If we allow via Sherrer equation to roughly link the peak maximum with the interlayer distance, it is possible to qualitatively conjecture how the interlayer distance modifies. Hence, with lower and higher 2θ values, respectively expansions and compressions .128,311,315,316 For this purpose and in light of the analysis conditions, knowing with more detail the number of layers and the figures of the interlayer distances would not enable better conclusions. Summing up, considering the issues of Ar sample, we can generally state that none of these atmospheres; that is, vacuum, H2, and Ar chemically interact on GO, not even pure H2 at these conditions. Significantly, NH3 can generously expand the interlayer distance already at room temperature. This is likely to be an interaction with NH3 and GO or the ODs too. Furthermore, it must be underlined that NH3 also has a high solubility in water, 32 g per 100 mL at 25°C317 (for comparison Ar 62 mg L-1 at 20°C318). Additionally, in the way it is prepared, GO contains intercalated water profusely, which it may swell.319–321 As graphite’s only peak lies at 26.2° 2θ, the approaching of the II peak to that number should be a sign of graphitisation. In this regard, NH3 is the first displaying a II peak and it has the faster II peak shifting right. Therefore, we can conclude that NH3 is the atmosphere that better boost the graphitisation. Again, if this is the removal of debris, reduction, or a combination of the two 
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events, XRD cannot clearly identify it. Finally, I might ascribe the little vacuum expansion at low temperatures to the vapour formation of intercalated water or its slow removal.  
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4.3.1.5 rGO-FETs pH sensing   
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Figure 4-8. a) pH sensing response expressed in ΔIds μA-1 vs time and obtained with a LGFET by applying a gate voltage -0.4 V and a source-drain voltage of 0.1 V. Different rGOs are employed in LGFET and come from different atmospheres, that is, vacuum (dark yellow), Ar (red), and NH3 (blue). H2/Ar (green) is excluded due to high similarity with Ar. b) pH sensing response expressed in ΔIds μA-1 vs pH value to underline the pH sensitivity of the diverse LGFETs.  Through the capillary tubing and the peristaltic pump different pH solutions were let flow into the FET. Always fresh solvent 0.1x PBS and analyte, in this case H+ cations, were contemporaneously immersed in the electrochemical cell with rGO channel and the top gate rod tip. As reported above, the data were collected without waiting time and the drift was subtracted with a manually-made drift baseline. The result is presented in Figure 4-8a and simplified with added sensitivities in 4-7b. Owing to the high similarity with Ar, the heat treatment under H2/Ar was excluded. Vacuum atmosphere leads to a poor pH detection, measurable in 3.55 ± 0.37 μA pH-1, whereas Ar atmosphere profoundly improves the pH sensitivity up to a 22.41 ± 1.44 μA pH-1. Highest performing, NH3 can further enhance the sensitivity along with a minimisation of the error, 29.59 ± 0.34 μA pH-1.  As expected by the resistance trend and the concept of reduction degree/cleaning, the pH detection capabilities grows from vacuum to Ar and again to NH3. Surprising are the actual figures of the pH sensitivity. In other words, a small variation of GO composition in O-containing functional groups (surveys and C1s detail spectra) can cause a remarkable boost in sensitivity, as we see between vacuum and Ar treatment. The further progress seen with NH3 atmosphere might really be the added N-containing functionalities and the doping.102 Amino groups have proven to be important pH-sensitive groups, along with hydroxy.322  However, the resulting pH detection sensibilities are competing with ones arising from multi-step reduction methods, including carcinogenic hydrazine hydrate.26,37,177 Moreover, 
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this is done one-pot and in limited amount of time compared to the long hydrazine hydrate exposure.142 Therefore, this as an important step forward in controlling GO properties in multiple fields that need cheap, semiconducting, graphene-like films.   
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4.3.2 Conclusion and outlook Through the custom-made setup, the resistance of the GO channel decreases, while the current intensity transients are in-situ monitored. Consequently, it is possible to better understand the effect of the gas/vacuum atmosphere on GO and its causes. Those found stronger hypotheses amongst the thermal conductivity of the gases and their inertness/reactivity towards GO.  Different atmospheres lead to different GOs, namely to better reduced/cleaned GO films, nevertheless referred to as rGO for convenience. The hypothesis of GO cleaning from ODs is valuable enough that it cannot not be totally excluded with this set of experiments. Better reduced/cleaned GOs means different GO properties that can be observed via all the characterisation and applications employed in the section. Certainly, the pH detection performance is remarkable considering the small effort in the reduction/cleaning.  Several are the aspects that should be involved to allow an holistic assessment of the device and its fine mechanisms. After the long discussion, what is valued the most is surely the XPS analysis that allows a detailed surface chemical characterisation, albeit not directly on the sample. The functional groups here are crucial either it be the GO, rGO, ODs or the support, and the pH sensitivities may be a difficult compromise of GO reduction/cleanliness, carried pH sensitive functional groups (either on rGO, nearby, at the gate), and also the interaction GO channel-support. Therefore, along with the XPS analysis, current, and the resistance of the GO/rGO channel partially explains the FET behaviour. This is then further corroborated by the XRD results, by confirming how “graphitised” the layers are, and by XPS results and its C1s detail spectra outline. In this sense, Ar atmosphere, at the applied conditions, is an extremely effective reduction/cleaning method. There, a lower resistance and additional pH-sensitive functional groups completing the pKa spectrum could further enhance the sensitivity. In fact, this seems the case of the NH3 thermal treatment that achieves 29.59 ± 0.34 μA pH-1, with a reduction that is undeniably more practical than the ultimate hydrazine-including procedures.  Moreover, unlike other techniques XRD results can hint through the swelling the presence of intercalated water, which is everything but novel in graphite oxide and GO characterisation. This augment the questions regarding the leaving groups from thermal treated GO. In order to further understand the behaviour of GO under thermal treatments and exclude GO reduction or cleaning, a GC-MS should be connected to the heating chamber with an Ar gas flow.   
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4.4 Linking functional groups and pH sensitivity To detect an analyte, it is necessary to find the appropriate recognition unites. In analogy, pH sensing with LGFETs must also have some, which have been identified earlier as adsorbed HO- species187,248, and later with O-containing functional groups.26,37,177,188 Herein, it is presented how GO I-V characteristics and pH detection performance change in function of pH-sensitive functional groups and their abundancy. An additional, faster, low-temperature NH3 treatment was developed, which leads to further rGO modifications. This represents both an important term of comparison and surprising improvement in the pH detection performance. A comprehensive XPS investigation and the LGFET tests are used for the purpose of comparing the two NH3 treatments of subsection 2.2.2.  
4.4.1 Results and discussion 

I-V characteristics of NH3-rGO annealed in custom-made setup are reported again, and those are compared with a new developed synthesis approach in Schlenk tube, called NH3 Schlenk or NH3 (S) (Figure 4-9). From section 4.3, the Dirac point position has been already discussed. Albeit, NH3 (S) treatment displays a lower Dirac point current, the average current is comparable to NH3 one. Nevertheless, the gap between Dirac point current and current maxima is greater. This means that NH3 Schlenk creates a rGO with supplemental semiconducting properties. Moreover, NH3 Dirac point potential undergoes a right shift.  Therefore, on one side, it is expectable that NH3 Schlenk introduces more defects into the flakes lattice owing to the more semiconducting shape of the I-V plot.70,72,323 On the other side, the Dirac point potential shift would suggest less N-doping and more electron-withdrawing functional groups at the rGO flakes (see section 4.3).285,302 If the pH sensitivity of GO given by the NH3 treatment in the custom-made setup was already considered significant and comparable to reported papers, the pH sensitivity enabled by the NH3 Schlenk is extraordinary. Practically, it doubles the figures of the other NH3 treatment, going from 29.59 ± 0.34 μA pH-1 to 59.89 ± 1.35 μA pH-1. In light of the results of section 4.3, a thorough XPS analysis was carried out to underline the differences between the two material surfaces. Once more, it is important to repeat that the XPS studies were conducted on on-purpose-prepared samples in order to enhance the amount of GO avoiding encountered LOD complications and remove the APTES variable (I remind of subsection 4.2.3).    
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Figure 4-9. a) I-V characteristics of LGFETs through rGOs obtained with NH3 atmosphere and two diverse thermal treatments, i.e., in blue NH3, in purple NH3 Schlenk. The gate voltage is swept between -0.8 and 0.8 V, whereas 0.1 V is applied between source and drain. b) pH sensing response expressed in ΔIds μA-1 vs time. It is obtained with a constant applied gate voltage -0.4 V and an applied source-drain voltage of 0.1 V. The blue line represents NH3 rGO, while the purple line denotes the NH3 Schlenk rGO. c) pH sensing response expressed in ΔIds μA-1 vs pH value to underline the pH sensitivity of the diverse LGFETs.   
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In Figure 4-10a and Table 4-3, XPS surveys plots and corresponding atomic concentration percentages of NH3 and NH3 (S) are reported. For the sake of clarity, the GO composition is added once more. In the previous section, the drop of O at% and the rise of C at% from GO to NH3-rGO have been mentioned. By contrast, NH3 Schlenk provokes a usual C at% boost and O at% diminution as all the thermal treatments, nonetheless there is in the two cases a gap of about 4%, hence C at% stops at 79.53 and O at% reaches 10.48. The relevant amount of N, which was introduced with NH3 in the setup, is now with NH3 in the Schlenk tube similarly added. In Figure 4-10b and c, the C1s detail spectra show little amount of functional groups, either N- or O-containing ones. According to the many expected groups, it is difficult to separate all the peaks. Hence, supported by the software fittings, it is identifiable for the treated samples C-C sp2 at BE 284.5 eV, C-C sp3/C=N at BE 285.2 eV, C-O/C-N at BE 286.2 eV, C=O at BE 287.5 eV, C(O)OH at BE 289.1 eV, and Pi-Pi* at BE 291.0 eV116,117,284,324. As also observed by Stobinski et al, GO has a more compact signal311, which it is here fitted with C-C sp2 at BE 284.5 eV, C-C sp3 at BE 284.9 eV, C-OH at BE 286.6 eV, C-O-C at BE 287.3 eV, and C(O)OH at BE 288.3 eV. These results do not clearly demonstrate a notable dissimilarity that would explain the two observed and discrepant pH sensitivities.    
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Figure 4-10. a) XPS survey spectra of NH3-rGOs treated in setup and in Schlenk tube. b)c)d) C1s region detail spectra of GO and NH3-rGOs.   
Table 4-3. Atomic concentration percentages of relevant elements in NH3-rGO surveys. 
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The O1s detail spectra are fitted with generic peak components that stand for single, double bonds with C atom, and for a single bond in water molecules (Figure 4-11a-c). The O1s detail spectra for GO display two peaks, one that can be assigned to O=C at BE 530.9 eV, and the other one to O-C at BE 532.3 eV. The NH3-rGO shows three peaks at BE 530.9, BE 532.9, and at BE 535.8 eV, which correspond to O=C, O-H, and OH2. By contrast, in NH3 (S) signal there is no indication of OH2, and the fitted components are identified as C=O at BE 530.9 eV and at C-O BE 532.5 eV Here, a significant advantage is that O=C bond is always well defined at BE 530.9 eV. Thus, the other components positions, and the overall results are strengthened through this indication of reproducibility.  Additionally, it can be noticed that the intensity mismatch agrees with the samples surveys. While the signal peak maximum of NH3-rGO hovers around 500 CPS, NH3(S)-rGO peak maximum reaches 750 CPS. In light of the pH sensitivity results, of the O1s detail spectra, and of coherently reported articles, the presence of specified O-containing functional groups boosts graphene-based pH sensing, particularly OH and with minor impact of C(O)OH. 26,37,188  
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Figure 4-11. O1s detail spectra of a)GO, b)NH3, and c)NH3 Schlenk.     
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Figure 4-12. N1s detail spectra of a)NH3 and b)NH3 Schlenk with the respective components percentages in c) and d).  Therefore, by looking at the intensity of the signals, those groups should be more abundant after the NH3 Schlenk treatment than NH3 one. Moreover, by observing the components position, it is noticeable that O-C component can shift up to 0.6 eV from GO to NH3 treatment. As it can be expected by the typical GO/rGO functional groups (see subsection 1.2.4), the component position should depend on the contribute of C-O-C and C-OH.311 The O-C component of NH3 (S) signal that lies at lower BEs than NH3 one substantiates the hypothesis that the OH groups are contributing more to the signal than C-O-C. This is also visible by noticing the envelope of the signals, remembering that O=C remains practically constant. In other words, NH3 Schlenk would not only have more O-containing functional groups, but also the most suitable for the interaction with H+ ions. Upon investigation of N1s detail spectra (Figure 4-12a-b), it can be identified in NH3-rGO 5 components, i.e., pyridinic N at BE 398.1 eV, pyrrolic N/aromatic NH2 at BE 399.4 eV, quaternary N at BE 400.9 eV, N-oxides of pyridinic N at BE 402.8 eV, and nitro group at BE 405.6 eV. In NH3(S)-rGO the BEs are essentially identical excluding two analytically negligible shifts for quaternary N to BE 401.1 eV, and for nitro group to BE 405.5. To be mentioned, the presented XPS results have been calibrated all together with C1s detail 
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spectra with C-C sp2 at BE 284.5 eV. The components fittings agree with the previously found N-containing functional groups in graphene/rGO. 306,325–327 In Figure 4-12c and d, the contribute of each assigned component is reported. Small variations in percentage characterise the components at higher BEs; namely, quaternary N, N-oxides of pyridinic N, and nitro group. Nonetheless, remarkable changes affect the components at lower BEs, which are also the most critical ones.  According to literature, NH2 functional group is pH sensitive322, while the pyridinic N functional group belongs to the lattice and should be part of the aromaticity (as also discussed in section 4.3).328 If we calculate the ratio between pyrrolic N/aromatic NH2 component and pyridinic N component, it yields that NH3(S)-rGO has 2.27 and NH3-rGO has 1.25. This is a significant difference that might better explain the impressive gap between the pH sensitivities that the two ammonia treatments offer. Furthermore, this finding might lead to control specifically the N-containing functionalities in order to enhance the rGO or graphene pH sensing performance. However, it is still highly unsure which contribution is predominant, either N- or O-containing functional groups, specifically NH2 or OH, or if there are other groups that have not been considered. Good SEM images after the Schlenk fast reduction should also be taken in order to exclude rGO damages. A sensible hypothesis is that rGO damages uncover NH2  moieties of the APTES linker and that those become active pH-sensitive units. Nevertheless, GO cannot be compared due to the great amount of intercalated water and the possible ODs that prohibit reliable analyses.     
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4.4.2 Conclusion and outlook Two NH3 thermal treatments bring to two differently modified GOs. The treatments have similar conditions, e.g., ambient pressure, 100% NH3 atmosphere, apart from the heating/cooling ramp. One heating ramp heats and cools at 10°C min, and holds the maximum T for 30 min. The other heating ramp heats at around 50°C min, holds the T for 1h at about 220°C, before cooling down at room temperature at fastest rate.  The FETs produced with the two type of rGOs show I-V characteristics with comparable maximum currents, however NH3(S)-rGO curve displays a Dirac point potential right shift and a deeper Dirac point current. The shift might arise from added electron-drawing functional groups, particularly O-containing. By contrast, the shape should be due to defects formation, i.e., doping, functionalisation, vacancies, and wrinkles, and it would suggest a stronger semiconducting behaviour. Consequently, more responsiveness to electric field changes is expected. In fact, the pH sensitivity of NH3(S)-rGO is practically twice as much as NH3-rGO, reaching a record value of 59.89 ± 1.35 μA pH-1.  The deep XPS investigation indicates analytically significant differences between two NH3 thermal treatments. On the one hand, the formed defects in NH3(S)-rGO could be explained by the augmented O at%. More O-functionalities also translates into a higher probability of having pH-sensitive functional groups. Also, in light of the O1s detail spectra, NH3(S)-rGO presumably bears in proportion more OH than NH3-rGO, which are crucial pH sensitive groups.37,188,322 On the other hand, the extremely high pH sensitivity of NH3(S)-rGO could be supported other pH sensitive groups, which are usually left aside. Thanks to N1s detail spectra, a different component is observed and is used as template, namely the ratio amongst pyrrolic N/aromatic NH2 component and pyridinic N. component For NH3(S)-rGO the components ratio is 2.27 and for NH3-rGO it stops at 1.25. While amino group interacts well with protons322, pyridinic N enter the lattice and should be part of the aromaticity of the crystal.304,325,328 However, it is uncertain if it is the O-containing or N-containing functional groups contribute to play a major role in the observed pH sensing improvement. According to Cui et al investigation, it should be a combined effect, due to the different pKa values.322 Factually, the most interesting finding for the community may lie in the N-containing functionalities and the novel concept of the components ratio. The rediscovery of the high heating rate for a better performing GO has been already reported albeit not that loudly that could be heard from the LGFETs community.127,329,330 Still, this attempt of a more detailed investigation and bridging with FET technology should aid not only in the cheap graphene-based pH detection, but also generic cheap graphene-based biosensing. An optimised NH3 Schlenk 
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approach could serve other fields too, such as novel conducting light coverings, papers, and more in general nano-electronics.  Then, targeted experiments with controlled defects introduction/formation and pH sensing should better explain what is the contribute of the N functional groups ratio and what is the contribute of O-functional groups. At which pH value N-containing functionalities starts and stops sensing H+ and the same for O-containing functionalities.     
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4.5 Effect of heating ramp 
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Figure 4-13. a) Current monitoring measurement in presence of H2/Ar with extremely low heating /cooling rate 0.5°C min-1 and holding T at 310°C for 40 min. Current monitoring measurements with additional step b) at 150°C with heating/cooling 10°C min-1, c) at 180°C with heating/cooling 10°C min-1, and d) at 180°C with heating at 50°C min-1.   In order to observe the effect of the heating ramp on GO, the custom-made setup with current monitoring was further utilised. The maximum temperature was kept at 310°C for 40 min. Because it was an early experiment, in Figure 4-13a, the used gas was the H2/Ar mixture (as in subsection 4.2.1 and 4.3.1.1). Upon a very low heating rate of 0.5°C min-1, the current does not follow the four phases that have been previously discussed, namely, heating, holding, cooling, and adjustment to room temperature. Though, it reaches a remarkable maximum of around 0.028 A before the temperature holds at 310°C. The current drops until the low rate cooling begins, and it remains at around 0.015 A.  As negligible variations were observed between the effect of H2/Ar and Ar gases (see section 4.3), only Ar was employed as inert gas during the thermal treatments. The idea of a temperature step, which is long and steady wanted to remove the whole intercalated water prior to a possible removal of functional groups. In Figure 4-13b and c, albeit the 30°C temperature difference of step, the current curve and the final current do not show 
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significant changes. In the case of a higher T step, the current rises earlier and gets to a notable greater current. Nevertheless, after the maximum, the current of the 180°C step treatment decreases faster and undergoes a little bump as in the 150°C step treatment. The heating ramp including 50°C min-1 heating rate and 180°C temperature step displays immediately a superior current hovering around 0.018 A. The second heating ramp pushes the current to a record value of 0.032 A. The temperature is then held at 310°C for 40 min. Interestingly, this is the first time that the maximum temperature allows a practically constant current. Next, the fast cooling provokes a drop of almost 0.001 A, nonetheless the final current flattens at approximately the double of the previous Ar thermal treatments.  The difficulty of separating the listed possible effects, such as release of intercalated water, ODs, and O-containing functional groups has led to the absence of clarifying literature. The presented results cannot help in this sense. However, the current monitoring of GO reduction/cleaning reveals that if the release happens, it is maximised with fast heating ramps. This is testified by the current increase and behaviour with a50°C min-1 heating ramp. By contrast, the slow heating rate totally alters the current transients and suggests that at low T increases better conductive GO cannot be obtained at T >250°C.  Repeated thermal treatments should be explored to verify their utility.   
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Chapter Five 

 

Li, Sb co-doping to enhance OER 

in hematite photoanodes 
   Se la nostra nera e nervosa civiltà basata sul carbone sarà seguita da una civiltà più tranquilla basata sull’utilizzo dell’energia solare, ciò non sarà dannoso per il progresso e per l’umana felicità. 

If our black and nervous civilisation, based on coal, shall be followed by a quieter civilisation based on the utilisation of solar energy, that will not be harmful to progress and to human happiness. Giacomo Ciamician  La chimica è una cosa che serve a tutto. Serve a coltivarsi, serve a crescere, serve a inserirsi in qualche modo nelle cose concrete. 
Chemistry is something extremely useful. It helps in cultivating, it helps in growing, it helps in introducing yourself into concrete things. Primo Levi 
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5 Li, Sb co-doping to enhance OER 

in hematite photoanodes  
Chapter number five presents few results of the many accomplished experiments on hematite-based photoanodes for photoelectrocatalytic water oxidation. Experiments, which are mainly practical and with the fast output of the checked photoelectrochemical behaviour. Herein, Sb and Li are inserted as co-dopants in hematite thin films. The feasibility of the doping method is of interest, as well as the additionality of the improvement effects on the photocurrent brought by Sb5+ and Li+. Again, further experiments have been conducted to expand the knowledge on the behaviour of the template in presence of dopants used for mono-doping or co-doping.  
5.1 Introduction In photocatalysis and photoelectrocatalysis with metal oxide semiconductors, co-doping accounts for one of the successful approaches to further improve and understand the material properties.237,331–334 Hematite fulfils several criteria to be a successful semiconductor oxide in photoelectrochemical cells, namely band gap, stability, non-toxicity, Earth abundancy.335,336 However, it still suffers from poor conductivity and diffusion length of both electrons and holes, but particularly holes (2-4 nm).220,337 Furthermore, to obstacle hematite theoretical efficiency, there are also sluggish OER kinetics, too short lifetimes of photo-generated carriers (10-12 s), and the inadequate bands position. Many transition metals entered hematite crystal lattice as electron (Sn, Si, Nb, Sb, Zr, Ta, Rh, Ge, Ru, and Pt) and hole (Mg, Cu, Mn, Ru, and Ni) donors. 202,225,226,228,229,232,247,335,336,338–341 As other semiconductor oxides, hematite can be doped extrinsically with additional external elements, but also intrinsically with oxygen vacancies208,236,342. Moreover, co-doping also happens due to the Sn diffusion from the substrate and occurring surface oxygen vacancies, this is a typical effect of high temperature annealing along with FTO degradation. 225,343–345  Theoretical calculations have demonstrated that each Sb5+ cation can induce an overall charge distribution in 4 surrounding Fe atoms, which is close to 2e-. By contrast, Sn4+ induces only 0.3e- on one Fe atom.232 23,24This so called double donor doping and it practically creates around itself two Fe2+ cations, which should be responsible for the hopping mechanism of charges in hematite bulk.346,347 Instead, Li+-doping of iron oxide has been attained348, yet no photo- electrocatalytic experiments were done, until recently.349 Li 
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cations and hematite used to come in contact only in Li-ion batteries.350,351 In photoanodic water oxidation, bismuth vanadate has profited of the result of Li introduction, i.e., boost of the majority carrier concentration.352  By considering the charge transfer band (CTB) and upper Hubbard band (UHB), the most promising approach appears a bulk n-type doping and a surface p-type doping.207 However, not only the photo-generated charge carriers do not live long in hematite, but there are further issues, i.e., a poor photogeneration yield and a weak charge separation yield.247,353 About the first, not much can be done if not updating the theoretical maximum efficiency. About the second, a strategic co-doping with n-p-type doping centres could enhance the charge separation yield, especially as soon as the electron-hole pairs are formed.247  In this chapter, we explored the role of Sb5+ and Li+ as co-dopants in hematite photoanode to create eventual fast-charge-separating p-n type centres. We successfully achieved in-situ hematite doping using precursor solutions with Sb(V), albeit the extremely rapid hydrolysis, whereas Li(I) was added to the water-based spin-coating solutions without difficulties. The counterion is chloride for all the precursors, as it is for the hematite formation. The sample are characterised with photoelectrochemical measurements in a typical three-electrode-configuration cell, and it is seen that Sb5+ and Li+ cations can one by one enhance the output photocurrent. Moreover,  an articulated XPS analysis, in addition to grazing incidence X-ray diffraction, Raman spectroscopy and SEM in order to confirm the co-doping and analysis structural effects are performed.    
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5.2 Results and discussion 

5.2.1 UV-Vis  In Figure 5-1, 4 visible absorption spectra of hematite thin films can be found. The signal originates from a series of typical peaks.268,354–356 The most intense and left-shifted peak of the spectrum encroaches into the UV region, and it is a sum of two bands. The one at higher energy is expected at 375 nm and the one at lower can be identified at around 420 nm, where the curve flattening begins its descent to lower absorption intensities. The peak at 420 nm as well as an additional peak at about 490 nm, both arise from spin-flip transitions, 2t2g, and 3eg. Here, magnetic coupling offers higher intensities of the peaks. Instead, due to spin-forbidden ligand field transitions two peaks can be observed. A distinctive peak at around 535 nm and a smaller one is expected at 600 nm, the latter appears as a shoulder. The layer thickness of the 4 analysed photoanodes should be identical, as the spin-coating method was carefully repeated, and it usually enables high reproducibility.269 In light of this, it is noticeable that all the doped samples, mono- or co-doped, are capable of enhancing the light absorption to some extent. The degree of the increases is not large, though it should be in line with small doping amounts (1 at%) in nm-thick films. Certainly, an advantage is the diverse behaviour and the presence of the additional mono-doping photoanodes. In detail, on the one hand, the doping with Sb seems to allow a general growth of absorption intensity compared with the Std. On the other hand, Li doping boosts the absorption intensity especially at wavelengths < 550 nm, involving 2t2g, 3eg, and the spin-forbidden ligand field transition at higher energy. 
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Figure 5-1. UV-Vis light absorption spectra of the hematite photoanodes vs clean FTO glass slide.   
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A same Li-doping effect is observed in BiVO4, either in transmittance mode254 or in absorbance mode357. This is likely caused by the creation of shallow and deep acceptor levels.358,359 Instead, Sb doping might enhance the absorption intensity because of band gap narrowing, as it happens in comparable semiconductors. 360,361 Nevertheless, clear shifts cannot be observed, but an evenly augmented absorption intensity more attributable to other reasons, e.g., a more defective bulk with smaller crystals size and more grain boundaries. 
5.2.2 Raman spectroscopy Hematite belongs to the 𝐷3𝑑6  crystal space group, thus we expect 7 modes, 2 modes with A1g symmetry and 5 modes with Eg symmetry. The former ones represent the movement of the Fe atoms on the defined unit cell c-axis, while the latter ones are visualised with the O atoms breathing modes in the perpendicular to the c-axis. The micro-Raman spectra display the A1g bands at 217 and 490 cm-1, and the Eg bands at 238, 284, 400, 603 cm-1. One mode is indiscernible from the mode at a slightly higher wavelength due to the high intensity of the second one and the small energy gap (only 5 cm-1 usually separate the two peaks). Additional peaks hovering around 650 and 1301 cm-1 are the ungerade symmetry modes (Eu and 2Eu), which usually should not be allowed. Owing to disorder, magnetite and/or presence of nanocrystals, such modes can be permitted.362–365   
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 Figure 5-2. a) Micro-Raman spectra of standard, Sb mono-doped, Li mono-doped, and Sb, Li co-doped samples.    
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This is already true for the un-doped sample, which displays the Eu mode with a shoulder beside the Eg band at 603 cm-1. Nonetheless, through the mode we can recognise Sb-doped samples, as they exhibit a peak with identical shape, i.e., this peak is sharp and overtakes in intensity the near band at lower wavenumbers. Li-doped sample does not clearly display a variation from the standard. Such observation is in contrast with Sb doping effect, and it may suggest interstitial doping.  
5.2.3 XPS analysis The XPS survey spectrum shows the typical peaks of hematite films (Figure 5-3a). The average penetration depth of the X-ray photoelectrons cannot reach the substrate, as it is only about 5 nm, thus, we do not identify any Sn and F in the investigated samples. In fact, we see the peaks arising from Fe and O belonging to the surface of the hematite thin layer. Furthermore, C occurs in relevant amount, about 29 at% as adventitious carbon at the surface.  By scanning a BE range of 700-740 eV at lower intensity (Figure 5-3b), we intercept the signal associated with electrons occupying Fe 2p orbitals. This detail spectrum displays the most intense peaks at about BE 711 and 724 eV, Fe2p3/2 and Fe2p1/2, respectively. Those peaks also have defined satellites at 8-9 eV higher than their BE. Components plus satellites BEs are a good indication of Fe3+ cations, and thus it occurs in both samples. Upon simplification, we can take the peak at BE 719 eV only and if this shifts at higher BEs, around 715-716 eV, it proves the presence of Fe2+ cations. In these samples, also owing to the used annealing temperature, low percentages of Fe2+ cations are contemplated, nonetheless the high complexity of the signal does not allow for more information.  However, regarding the doping confirmation of hematite, more interesting results are offered by directly searching in the O1s/Sb3d region (Figure 5-3c-e). The investigated range goes from BE 527 to 542 eV. Herein, either one or two defined signals can be identified – one at lower BE and one at higher BE. The former is a mixture of O1s components, and of Sb3d5/2 in case Sb is added, while the latter is a single peak arising from the other spin-orbit component of Sb, i.e., Sb3d3/2. Upon deconvolution of the former one, the most intense peak of the signal can be assigned to O2- anions at BE 529.90 eV. Furthermore, the O2- component in the Sb-containing samples at BE 529.90 ± 0.02 eV is found.   
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Figure 5-3. a) XPS survey spectrum of the standard hematite sample. b) Fe element XPS detail spectrum of the standard sample. c) O, Sb elements XPS detail spectrum of the standard sample. d) O, Sb elements XPS detail spectrum of the Li mono-doped sample. e) O, Sb elements XPS detail spectrum of the Sb mono-doped sample f) O, Sb elements XPS detail spectrum of the Sb, Li co-doped sample.  At higher BE of the same signal, a peak appears amongst BE 531.4-531.6 eV, which can be assigned to Fe-O bonding, e.g., hydroxy groups (-OH). Thus, this also plays a crucial role in determining samples, which are poor or rich in oxygen vacancies.235,236,366 At around 533-533.5 eV, we find another minor peak that can be designated as hydrocarbons, and surface 
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contaminations.367,368 The latter one, which is Sb3d3/2 component lies around BE 539.96 ± 0.04 eV and does not carry the complication of a fitting. This further substantiate that the precursor and the annealing lead to Sb5+-doping of hematite.232,369 Unfortunately, Li+-doping cannot be identified directly, since two more intense Fe3p components overlap with it. Li1s peak is expected at BE 55-56 eV, while the Fe3p components range from BE 54 to 58 eV.348  
5.2.4 XRD analysis The diffractograms prevalently show the underneath FTO substrate (# symbols in Figure 

5-4a), albeit the adopted lowest 2° grazing incidence diffraction angle. In Figure 5-4a and b, significant differences of the substrate after the doping and co-doping are not noticed. The most intense peak of crystalline hematite (110) appears, and it is distinctive. Nonetheless, it cannot be said the same for the other less intense expected peaks ( (012) (104) (024) (116) (300) ).  With a closer look at the (110) diffraction peaks of the batch samples, relevant dissimilarities are detected (zoom-in Figure 5-4b). Un-doped and Sb mono-doped sample (110) peak reach their maximum at 2θ about 37.97°. On the contrary, both XRD patterns of the Li-doped samples, mono-doped and co-doped, exhibit a gentle shift towards lower 2θ values at 37.95°. Albeit the observed gap is small, it is occurring only after the introduction of Li cations. This observation can be a strong proof that Li cations added with 1% at% can access the hematite lattice exclusively as interstitial dopants.370,371 Larger doping percentage ratios could even enhance the expansion of the lattice parameters and push the peaks further to lower 2θ values.372 As a consequence of this result, the introduction of Sb into the hematite lattice must occur substitutionally.232,369 And again, as other variations cannot be noticed, we validate XPS findings, i.e., oxygen vacancies do not affect singularly the samples and hence counterfeiting the photo- and electrochemical performances.373 
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Figure 5-4. a) XRD patterns of standard sample, Sb and Li mono-doped samples, and Sb, Li co-doped sample. b) Zoom-in on the (110) diffraction peak of plot figure 4a, range 2θ 37.0-39.0°.  
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5.2.5 Photoelectrochemical performance As discussed in subsection 1.4.3 and 3.1.3, the utilisation of photoelectrochemical characterisation grants fast and simple analysis of the produced photoanodes. In photoanodic water oxidation, what best expresses the performance of the samples is the photocurrent. Albeit not being an absolute value, the photocurrent can be approximated as extremely reproducible if concentration, temperature, and pH of the electrolyte are constant. Other additional variables can be the electrodes, i.e., counter, and reference ones, however by not changing any components of the electrochemical cell and by checking their state of wear, variations can be neglected. A way to maximise the exactness of a measurement, and thus of an investigation, is to produce every time a batch with a new standard sample. And that is what was done here for every batch, at least.  

 
Figure 5-5. a) J-V curves light and dark recorded in 0.1 M NaOH with calomel electrode and Pt cathode. Light curves were carried out under a simulated solar light illumination of 100 mW cm -2. b) Details of current densities at high applied voltages (Faradaic regime). c) Light J-V curves recorded by chopping the light illumination.    
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To avoid any diffusion of Sn atoms from the FTO layer into the bulk, the samples were treated in muffle oven at set temperature 550°C, as described in the experimental section. All photoanodes were annealed together in the oven in order to maximise the reproducibility. Through LSV, J-V curves were obtained, which resemble hematite films photocurrent deposited or annealed at 550°C.220,225,269,374  In Figure 5-5a, it is confirmed that doping with Li+ and Sb5+ is beneficial to the standard hematite sample. At 1.4 V vs RHE, while Li+ cations introduction offers a moderate increase in photocurrent, 8-fold more than the standard one, Sb5+-doping, for his reported catalytic properties, pushes the photocurrent 45 times higher than the standard. As an interesting result, in the co-doped sample the combination of the two cations synergically enhances the photoelectrochemical performance to a 67-fold improvement compared to the un-doped hematite thin film photoanode. When the Faradaic current gets larger, at 1.6. V vs RHE, the increases seen before slightly shrink to around 4-, 15-, and 23-fold gains in respect to the bare hematite. However, it must be noted that the on-set potential light J-V curves does not look affected by the mono- e co-dopings At around 2 V vs RHE, the regime of the current density is almost completely Faradaic (Figure 5-5b). There, it is noticeable a small gap between light and dark J-V curves, which makes the light curves practically negligible for a material evaluation. As second, it can be recognised that the trend observed previously in the photoelectrochemical characterisation does not repeat. The first point can be seen as an advantage because in this analysis the light absorption is removed and so the charge separation questions. Diversely, the second point is a question mark. Excluding Li+ mono-doping, the observation is that the higher the photoactivity, the lower the current density at high applied voltages. At 2 V vs RHE, the current densities of dark J-V curves of un-doped, Sb-doped, and Sb, Li-co doped samples reach 9.58, 8.89, and 8.38 mA cm-2, respectively. Exceptionally, Li+-doping shows a remarkable current density that stops slightly below 11 mA cm-2 (black line). To date, this current density is the highest within the simple, solution-based methods. Other important results were obtained with more complicated techniques.226 In Figure 5-5 c, it is presented the chopped light J-V curves, which display the typical current transients. The positive current transients, peaks, testify that not all the holes that reach the interface contribute to the OER, while, the negative current transients, falls, mean that there is recombination between conduction band electrons and photo-oxidised surface species (surface trapped holes too likely).375,376 In order to have a better and faster understanding of the numerical result of chopped light J-V curves, we find it convenient to calculate the ratio spike and fall currents over the average photocurrent in the range 1.3-1.4 V vs RHE. Albeit there are diverse potentials at which to calculate the ratios, the potential 
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was set far away from the Faradaic regime and where usually the photoactivity is the greatest. It is common to find similar values for the two ratios s/c and f/c (respectively spike/current, and fall/current).375,377 Nonetheless, in our un-doped sample, we have a 5.0 s/c ratio and 16.8 f/c ratio. Li+-doping can halve the current transient ratios by taking the values to 2.3 and 8.6. Meanwhile, Sb5+-doping can almost fully heal the photoanode leading to 1.6 s/c and 1.7 f/c ratio. With the co-doping, and hence the addition of Li+, the s/c ratio shrinks further to 1.1 and the f/c ratio grows to 2.0. In fact, in these hematite samples, we coherently observe that Li+-doping keeps high values of f/c ratio compared to Sb5+-doping.  Therefore, including the chopped illumination measurements, the whole photoelectrochemical investigation corroborates the XRD results, namely that Sb5+ and Li+ must have diverging doping roles, though we do not rule out possible mutual tasks as photoanode and anode. Hence, Sb5+ must enter the crystal lattice or lattices as substitutional dopant. Because of the absence of an earlier potential on-sets with Sb5+ mono-doped sample, we tend to exclude here a role in catalysis.378However, it is expected the Sb5+-doping to increase the carrier concentration and decrease the interfacial charge transfer resistance.232 Both improvements can be motivated by the reduction of both current transients. The positive one more linked to the interfacial charge transfer resistance and the negative more related to the bulk-surface electron-holes recombination. By contrast, as seen in XRD, we expect Li+ to enter the hematite film only interstitially and thus it mainly leads to an expanded majority carrier concentration.254 Those theories are also consistent with the high current density of Li+-doped sample (Figure 5-5b) and the high f/c ratio (Figure 5-5c).    



112  

5.2.6 SEM analysis 

  
Figure 5-6. SEM micrographs side view of broken photoanodes for thickness confirmation.   In Figure 5-6a and b, it is shown SEM micrographs of a photoanode side view, which was prepared by cutting one photoanode in two halves. Actually, the conditions do not allow better focus; however, the FTO layer of around 400 μm is clearly discernible. Moreover, on top of the FTO layer, a thinner layer can be detected, which is easily ascribed to the expected hematite thin film.  The limitations of this technique for the prepared photoanode may lie in the denial of high annealing temperature, such as 800°C. Improvements were not observed with the deposition of thin metallic layers. Lower annealing temperature, namely 550°C, on the one hand, does not allow Sn diffusion into the hematite film. On the other hand, it does not enable healing of crystal lattice defects, eliminating grain boundaries. The typical 550° annealing temperature is the one that guarantees the conversion into hematite and only the introduction of the desired dopants.   
5.3 Conclusion and outlook In short, the Sb, Li co-doping of hematite thin films is beneficial and leads to a 67-fold improvement on the photoelectrochemical performance at 1.4 V vs RHE. Interestingly, the increment on the photocurrent by Sb5+ and Li+-doping looks additional. According to the photoelectrochemical analysis, none of the dopants catalyses the water oxidation, however both augment the carrier concentration and particularly Sb diminishes the charge transfer resistance at the interface. Considering light chopped and dark J-V measurements, Li+-doping’s aid mainly arises from the boosted majority carrier concentration. Still, as predictable, it does not seem to mild bulk-surface recombination. This effect is particularly clear when comparing Sb5+ mono-doped and Sb, Li coped samples in chopped light LSV. However, the obstacle of depositing from a water-based solution an extremely hydrolysable 
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precursor, such as SbCl5, has been successfully overcome with HCl control. The utilisation of a direct Sb5+ cations source has the advantage to assure a unique Sb5+-doping in the hematite lattice even at lower annealing temperatures. Further characterisation is needed to shine light on the kinetics of photo-generated charge carriers and to verify whether Sb, Li co-doping also enables an increased charge separation yield and prolong carriers lifetimes. However, this paper already lies the foundation for further utilisation of co-doping in other metal oxide semiconductors for photocatalysis and photoelectrocatalysis. I envision the final goal of having effective bulks by minimising the amount of doping. As it is demonstrated here, a way to do that can be the introduction of cations with different mechanisms for the performance improvement.   
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5.4 Additional investigations 

5.4.1 Effect of oxygen vacancies As underlined in subsection 1.4.5, the presence of oxygen vacancies are intrinsic dopants for hematite. Hence, the photoactivity of hematite-based photoanodes can greatly benefit from their presence.379,380 After introduction of VO, hematite takes another formula, namely α-Fe2O3-x. In light of the reported literature, the reasons for the photoactivity growth by means of VO in hematite photoanodes are various and there is no much agreement.208,236,342,344,366,381,382 Contemporaneously, VO can also be detrimental for the photoanode performance.236,383,384. Therefore, a VO control or engineering is often the suggested option.342,385  In this sense, the supplementary project that accounts for Figure 5-7a-j is not well related to the control of VO. In this subsection, the obtained results are a consequence of the utilisation of two different muffle ovens, albeit the same adopted parameters and identical samples. One small muffle oven is rather worn-out (Figure 5-7a-b) and is used to anneal what is referred to as Std sample, while the large muffle oven, better sealed and vigorous, is used for the sample referred to as Std (VO).  
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Figure 5-7. a) Detail of small oven fracture and glowing at extremely high T. b) Reported real temperature in the stove at a given set temperature. c) UV-Vis light absorption spectra of the hematite photoanodes standard sample, Std (solid line), and standard sample with higher amount of oxygen vacancies, Std (VO) (dotted line). d) Raman spectra of Std (violet) and Std (VO) (dark cyan) samples. e) XPS detail envelope spectra of O1s signal of Std and Std (VO). f) XRD patterns with focus on (110) peak of Std and Std (VO). g) J-V curves of Std and Std (VO) light and dark recorded in 0.1 M NaOH with calomel electrode and Pt cathode. Light curves were carried out under a simulated solar light illumination of 100 mW cm-2. h) Details of Std and Std (VO) light and dark current densities at high applied voltages (Faradaic regime). i) Light J-V curve of Std sample recorded by chopping the light illumination. j) Light J-V curve of Std (VO) sample recorded by chopping the light illumination.   
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By taking a closer look at Figure 5-7c-j, the sample is named exactly Std (VO), because it is anticipated a higher amount of oxygen vacancies (VO). First, the Std (VO) sample displays a grown UV-Vis absorption intensity than Std and it is published that VO lead to a greater absorbance (Figure 5-7c).236 In Figure 5-7d, both Raman spectra show a shoulder peak at 650 cm-1. As mentioned in subsection 5.2.2, that is a forbidden Eu mode, which is allowed due to defects, such as grain boundaries in nanocrystals, defects, or a different phase such as magnetite. However, in this circumstance, it is not possible to analytically differentiate amongst the two materials. In fact, literature dealing with VO in hematite rarely presents Raman spectra.208,222,342,379 Here, it is likely that the amount of introduced oxygen vacancies is small and VO signal hides behind the anyway abundant nanocrystals grain boundaries, which may give the main contribute to the Eu mode. Particularly owing to the little attention, another observation worth to be made concerns the two-phonon scattering peak at ~1300 cm-1. The sample Std (VO) reaches its maximum at 1301.5 cm-1, while the Std one at 1304.1 cm-1. This could be due to a smaller size of the nanocrystals after VO introduction.386 It is also reported here the reduction of the intensity of the same peak for sample Std (VO) along with the left shift. Using the same correlation of section 5.3, it is possible to immediately comment on Raman results. Albeit a surface analysis, XPS is a powerful technique to identify VO in semiconductors such as hematite.235,236,342 By presenting the spectrum envelope of the two samples (Figure 5-7e), it can be noticed that the peak assigned to Fe-O bonding expands and shifts left in Std (VO) compared to Std sample. This component of O1s signal is the one frequently ascribed to VO alterations.236,366 The degree of intensity variation and shift of the Fe-O peak is consistent with the Raman assumption, i.e., that the introduction of VO is of moderate proportions. Moreover, in Std (VO) sample XRD pattern, it can be observed a contraction of the crystal lattices, as the (110) peak moves to higher 2θ values (Figure 

5-7f). Enhanced amount of VO in semiconductors are coherent with such crystal parameters shrinkage. All of that reflects into the photoelectrochemical performance gauged with light J-
V curves, as seen in Figure 5-7g. The introduction of VO improves the photoelectrochemistry of the hematite photoanode, at least at these described conditions. By contrast, in Faradaic regime, i.e., when majority charge carriers prevail, the oxygen vacancies might work as obstacle or defect for the majority charge carrier conduction. This is a conjecture, which is complicated to compare with reported data as the main focus of hematite involves photoactivity at lowest applied V. Note, that the gap between light and dark J-V at high applied V is still higher for Std (VO) than Std sample, a behaviour that once more highlights the ability of Std (VO) sample to translate absorbed photons into current. To get a first hint of how VO influence the charge recombination, I measure light chopped J-V curves and observe the produced current transients (see Figure 5-7i-j). As in subsection 
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5.2.5, the ratio spike/current density and fall/current density are the taken figures for comparison, called s/c and f/c for brevity. The Std sample displays 4.95 and 16.8 for the two ratios respectively, while Std (VO) sample presents 3.92 for both the ratios. Hence, charge recombination lowers with greater number of VO. Furthermore, as positive current transient, ratio s/c, is more related to the interfacial charge transfer resistance, it means that VO do not improve that dynamics substantially. On the other hand, as the negative current transient is usually assigned to the recombination between conduction band electrons and oxidised surface species (surface trapped holes too likely), 222 it implies the VO minimise this recombination to give out higher photoactivity. Why this is so, it is another question that must be answered with further analyses, particularly with photoluminescence spectroscopy and operando techniques.206,222,345     
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5.4.2 Sb3+ precursor and VO  In the previous subsection, I present a Std (VO) sample, which is annealed in a better sealed and more vigorous oven. All of this is part of my extensive investigation on in-situ Sb, Li co-doping in hematite photoanodes. Now, the prepared samples batch is synthesised with a less hydrolysable Sb precursor, SbCl3, which has been used elsewhere as ex-situ hematite dopant.232 As earlier said in subsection 5.3.1, the addition of dopants can grow the hematite films absorption intensity. In fact, in 5.5.1 subsection, the presence of a higher amount of VO is reason for a significant absorption intensity gain. Likely, the boost that the Std receives thanks to the VO is more prominent than the boost of a combination of Sb and VO (figure 5-8a). However, the Li-doped photoanodes, mono- and co-doped, display the typical behaviour observed before, i.e., the absorption intensity increments at wavelengths shorter than ~550 nm. Li cations may enable the formation of shallow and deep acceptor levels. In figure 5-8b, the situation is similar to the former one, subsection 5.3.2. Sb can be easily identified with the Eu mode at ~650 cm-1 and the attenuation of 2-phonon scattering also occurs. In Li mono-doped and the Std photoanode, there are no analytically relevant variations. With the usual focus on (110) peak, XRD analysis confirms the contraction/expansion assumption, namely Li cations are able to modify the lattice parameters appearing as an expansion (figure 5-8c). This is presumably owing to the interstitial nature of Li doping as Sb doping does not affect the crystal lattice parameters.  
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Figure 5-8. a) UV-Vis light absorption spectra of the hematite photoanodes, that is, Std (red solid line), Sb3+ (blue dash dot), Li+ (violet short dash), and Sb, Li (orange short dot). and standard sample with higher amount of oxygen vacancies, Std (VO) (dotted line). b) Micro-Raman spectra of compared photoanodes, Std (red), Sb3+ (blue), Li+ (violet), and Sb, Li (orange). c) Zoom-in of the XRD patterns of Sb(III)-batch samples on the (110) diffraction peak, range 2θ 37.0-39.0°. d) O, Sb elements XPS detail spectrum of the Sb3+, Li+ co-doped sample. e) J-V curves light and dark recorded in 0.1 M NaOH with calomel electrode and Pt cathode. Light curves were carried out under a simulated solar light illumination of 100 mW cm-2. The sample performance under illumination are coloured, i.e., Std (red), Sb3+ (blue), Li+ (violet), and Sb, Li (orange), while in the dark samples have thin black lines. f) Details of current densities at high applied voltages (Faradaic regime) in light and dark. g) Details of dark current densities of Std and Li+ samples at high applied voltages (Faradaic regime) with high and low amount VO.   
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In Figure 5-8d, the peaks at BE ~540 eV is already a strong hint of the Sb occurrence and its only oxidation state 5+. This result is supported by literature, as highlighted in the former XPS subsections. In this subsection, the Std is practically the Std (VO) sample presented earlier, and indeed its light J-V curve shows a relevant photoactivity (Figure 5-8e). On the contrary, the Li+ mono-doping looks in these terms negligible, moreover, in the co-doped photoanode, its addition is detrimental. Interestingly, also in J-V curves at high V (Faradaic regime), Li+ doping does not increase the Std performance significantly and it moderately enhances Sb doping. To give a clearer picture of the Li+ effect on the Std in presence of VO, it is plotted figure Figure 5-8e too. There, with dark Faradaic J-V curves of the samples, the intention is to illustrate the gap dissimilarities within the batches, one carrying many VO and the other carrying it few. It is published that Li+ should principally increase the majority charge carriers and that VO is ascribed by literature for many good actions in hematite photoanodes. This can be an issue because VO do not take a precise role. So far, the hypotheses that can be formulated are mainly two, i.e., that VO and Li+ ions are both competing to increase the charge carrier conductivity with even an overlapping role, or the more bizarre conjecture, that VO can partially trap the small and interstitial Li+ cations. Finally, experiments with VO control would be necessary to complete the study. With such a mastery and a bulk spectroscopic method, any divergent effects because of Sb(III) and Sb(V) precursors should come out.    
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5.4.3 Li+ leaching experiments 
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Figure 5-9. a) J-V curves light and dark recorded in 0.1 M NaOH and 0.01 M LiCl with calomel electrode and Pt cathode. Light curves were carried out under a simulated solar light illumination of 100 mW cm-2. The sample performance under illumination and Li-buffered are coloured, i.e., Std (red), Sb3+ (blue), Li+ (violet), and Sb, Li (orange), while in the dark samples have thin black lines. Sb, Li sample measured in electrolyte 0.1 M NaOH for comparison has dark green line. b) Details of current densities at high applied voltages (Faradaic regime) in light and dark in Li-buffered electrolyte and non-buffered. c) Light J-V curve of Sb, Li sample in Li-buffered electrolyte recorded by chopping the light illumination. d) Light J-V curve of Sb, Li sample in non-buffered electrolyte recorded by chopping the light illumination.  Leaching experiments are carried out to exclude the hypothesis that Li+ small and interstitial dopant could leach out of the photoanode, in particular during the operation.  After adding LiCl to a final 0.01 M concentration into the usual NaOH 0.1 M electrolyte, it is measured one more time the samples of Chapter 5. As a result, the trend is maintained while the photoactivity is generally lower (figure 5-10a). The gauged photocurrent at 1.4 V vs RHE goes from 0.11 to 0.07 mA cm-2, which translates into a 1.6-fold or a 36% relative reduction. In Faradaic regime, it is still noticeable a general decrease, which is represented 
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by the gap amongst stars and tilted squares (figure 5-11a). Also, the gap between Li+ mono-doped and Std decreases, not reaching anymore ~1.5 mA cm-2, but stopping at ~1.0 mA cm-2. By comparing the chopped J-V light curves in Figure 5-12c and d, s/c and f/c ratios both augment with Li+ buffering. The most prominent growth is the s/c ratio 1.10 to 1.81, whereas the f/c ratio raises 2.00 to 2.21. The former one indicates a clear increase in recombination between CB electrons with surface holes (trapped or in form of oxidised species). The latter one suggests a moderately lower charge transfer efficiency at the interface. Furthermore, it must be said that the photoanodes might experience an aging, which is up to now uncertain, as aging experiments are yet to be planned.    
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