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Abstract

:

Solar-to-electricity energy conversion and large scale electricity storage technologies are key to achieve a sustainable development of society. For energy conversion, photoelectrochemical solar cells were proposed as an economic alternative to the conventional Si-based technology. For energy storage, metal-ion batteries are a very promising technology. Titania (TiO2) based anodes are widely used in photoelectrochemical cells and have recently emerged as safe, high-rate anodes for metal-ion batteries. In both applications, titania interacts with electrolyte species: molecules and metal ions. Details of this interaction determine the performance of the electrode in both technologies, but no unified theoretical description exists, e.g., there is no systematic description of the effects of Li, Na insertion into TiO2 on solar cell performance (while it is widely studied in battery research) and no description of effects of surface adsorbents on the performance of battery anodes (while they are widely studied in solar cell research). In fact, there is no systematic description of interactions of electrolyte species with TiO2 of different phases and morphologies. We propose a computation-focused study that will bridge the two fields that have heretofore largely been developing in parallel and will identify improved anode materials for both photoelectrochemical solar cells and metal-ion batteries.
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1. Introduction


Solar-to-electricity energy conversion technologies are key to achieve a sustainable development of society. To fully utilize the potential of solar and other intermittent sources of energy (e.g., wind, waves), development of electrical energy storage technologies is necessary [1].



For energy conversion, photoelectrochemical solar cells and, specifically, dye-sensitized solar cells (DSSC) [2,3] and direct injection cells [4], were proposed as an economic alternative to the conventional Si-based technology, as they can avoid the use of high-purity Si and face no resource limitations [5,6]. Dye-sensitized cells are obtained by sensitizing a wide band gap semiconductor anode (usually TiO2) with molecules—purely organic or metal-organic dyes—that effectively absorb solar radiation. Absorption promotes electrons into the dye’s excited state(s), and the electrons are then injected into the conduction band of the oxide and can travel through the external circuit to the counterelectrodes [7], from where they are carried by a redox species in an electrolyte (usually I-/I3- in MeCN [8]) back to the sensitized anode to regenerate the dye (Figure 1). To achieve commercialization, a number of issues need to be resolved, including the stability. Rapid temporal degradation is in fact the most important impediment to a widespread application of this technology. Stability is in particular related to interactions of the anode with electrolyte species; for example, it has been known that dye desorption is influenced by the presence of water [9] and also that phase changes in the anode can occur after a while.



For energy storage, metal ion batteries are the most promising technology. In a metal ion battery, metal ions (usually Li+, Na+, Mg2+, but other metals have also been used [10,11,12,13,14,15,16]) travel in an ion-conducting electrolyte between electrodes with different chemical potentials (Figure 2). During discharge, this potential difference drives the ions from the anode to the cathode, while the electrons travel through the external circuit. During charge, the current direction is reversed by applying external voltage. While Li ion batteries today provide the highest energy density among commercial batteries, to achieve economic large scale storage [1], non-Li batteries, such as Na-ion batteries, are most promising, as Li resources are limited and very unevenly distributed [17,18]. Development of practical batteries passes again through optimization of electrode-electrolyte (including Na+ or Li+) interactions [19,20,21,22,23].



TiO2 is the most widely used and best-performing anode in mesoscopic photoelectrochemical solar cells [2,3,24], due to its band structure and a reasonable conductance of nanostructured TiO2. At the same time, it has been recognized that there is much room for improvement of electronic properties of TiO2 anodes: it is desirable to improve their conductance and to be able to control the band gap, the conduction band edge position and the density of states at the dye-semiconductor interface [25,26], in order to improve the short-circuit current, open circuit voltage and to decrease charge recombination. This can be done by using co-adsorbent molecules [27,28,29] and counterions, such as Li+, Na+, Mg2+ [30,31,32].



At the same time, TiO2 anodes are receiving more and more attention by the battery community [33], as they are able to form lithiated phases with up to one Li atom per formula unit (and even 1.25 predicted recently [34]) with a minimal volume expansion [35,36], and therefore, they have a good theoretical capacity (335 mAh/g). They are safer than graphite [37] and have a notable cycling ability (high Li mobility): Li insertion into TiO2 can be facile (albeit dependent on the initial phase) and accompanied by phase transitions [34,38,39]. On the contrary, insertion of non-Li ions (such as Na+) into TiO2 phases is largely unstudied, even though it is non-Li batteries that hold the greatest promise as large-scale storage devices to be deployed together with intermittent energy sources (wind, solar). Also, much effort is being spent to develop new electrolytes for metal-ion batteries [40,41,42,43,44,45]. However, the effects of key molecular functional groups on the electronic properties of a TiO2 interface are also largely unstudied.
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Figure 1. A typical photoelectrochemical cell, where dye molecules are adsorbed on a semiconductor (TiO2). Photons excite the dye from the ground (D/D+) into an excited state (D*). The excited electron is transferred into the TiO2 conduction band (CI: charge injection) and the oxidized dye is regenerated by electrolyte species (DR: dye regeneration, ER: electrolyte regeneration). The cell’s current, voltage and the unwanted recombination (CRD/CRE: charge recombination to dye/electrolyte) can be controlled by functionalizing TiO2 with co-adsorbent molecules. 
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We see, therefore, that in both applications, titania interacts with electrolyte species—molecules and metal ions, and details of this interaction determine the performance of the electrode, including its lifetime. In solar cell research, electrolyte additives—atomic and molecular—are routinely used to improve performance. Specifically, Li, Na and Mg ions are used to control the energy of the conduction band edge of titania [30,31,32]. In theoretical models that include the effects of these ions, they are usually considered as surface-adsorbates. On the other hand, from battery research, we now know that insertion of large amounts of metal atoms into TiO2 is possible [16,46,47,48]. It has also been reported that anatase TiO2 anodes in DSSC can undergo a phase transition to the B phase [49]. One can surmise that there should be significant insertion of metal ions into the DSSC anodes. There exist experimental reports of irreversible Li insertion in DSSC anodes [50]. Yet, insertion of Li+, Na+, Mg2+ in DSSC anodes has not been systematically studied and is an example of a separation between two research fields that should inform each other.
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Figure 2. A typical electrochemical (metal ion) battery. During charging, an external potential is applied; metal ions (Li+, Na+, …) migrate from the cathode and intercalate/insert into the anode. During discharge (shown here), the electrode potential (arising from differences in the chemical potential of Li/Na at the anode and the cathode) induces the reverse process with the electrons travelling through the external circuit to produce electrical work. TiO2 particles have emerged as safe high-rate anodes for electrochemical batteries. What are the effects of nanosizing? What is the dynamics of Na vs. Li insertion, and how to optimize it? 
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Another evidence of this separation, which we propose to bridge for the benefit of both fields, is in the fact that while DSSC research has paid much attention to the use of co-adsorbate molecules to functionalize TiO2 anodes [28,29,51,52,53], this has not been done for batteries. Co-adsorbed molecules are used to modulate the conduction band edge to enhance electron injection and to prevent recombination (by physically preventing a close approach of the redox species and of the dye oxidation equivalent hole to the oxide surface [27,28,54,55,56,57,58]). They also change adsorption energetics and configuration of the dye [9,54,55,56]. Most theoretical studies of battery anode materials have focused on bulk properties, such as bulk diffusion barriers and rates for metal atoms/ion, voltages and volume expansion [59,60,61,62,63,64]. Interactions of Li with surfaces and nanostructures exposed to vacuum were also considered [65,66,67,68,69]. Interactions with the electrolyte are usually considered in the context of reactions leading to the SEI (solid-electrolyte interface) formation or to an irreversible loss of the active metal (formation of carbonates) [19,20,21,70,71,72,73]. It has, however, been established that surface properties of a battery anode (adsorption energy, insertion barrier) can be more important for storage than its bulk properties [74]. Specifically, the likelihood and the rate of ion insertion are determined, respectively, by the relation between the associated defect formation energy, the metal cohesive energy and the solvation energy and by the insertion barrier through the anode-electrolyte interface. This latter is especially sensitive to other species interacting with the surface [75]. Surface functionalization with molecules could allow for a degree of control over those properties, but remains largely unstudied.



It is therefore important to understand and optimize the interactions of TiO2 with molecules and atomic species for applications in both solar cells and batteries, but no unified description exists, e.g., there is no description of the effects of Li, Na insertion into TiO2 on solar cell performance and no description of the effects of molecular functionalization of the anode surface on battery performance. In fact, there is no systematic description of the interactions of electrolyte species with TiO2 of different phases and morphologies. We propose that such a description be produced based on computational modeling backed by specific experiments. It then will be possible to identify titania nano-morphologies optimal for batter and solar cell performance. Such a study would bridge the two fields that have largely been developing in parallel and would identify improved anode materials for both photoelectrochemical solar cells and metal-ion batteries.




2. The Challenge: A Systematic Study of Functionalized, Alloyed TiO2 Anodes


2.1. Project Scope


We propose to study the dependence of the properties of TiO2 anodes on the molecular structure of co-adsorbents. This will identify structure-property relations, which will guide the experimental design of improved solar cells and batteries. We suggest imidazole derivatives for this study, as this kind of molecules has been used to improve DSSC performance [76,77] and they are known to be compatible with Li battery components [78]. Structural changes of the nanocrystalline TiO2 anode due to the insertion of counterions, such as Li+ or Na+, will then be studied. We hypothesize that there is significant intercalation into the anode of some of the counterions commonly used in photoelectrochemical cell electrolytes and that it could be a determinant of cell (in)stability, which has been preventing commercialization. Such intercalation has been observed in the phases of titania used as prospective anodes for the Li-ion batteries, but is often ignored in the prevailing discourse about and theoretical models of the effect of counterions on the performance of photoelectrochemical cells.



To identify candidate titania anodes for large-scale, non-Li batteries, the insertion of both Na+ and Li+ should be compared. Insertion into TiO2 anodes of different crystal phases and surface cuts/nano-morphologies, which are used in solar cells, as well as those used as prospective battery anodes will be considered.



By considering the effects of molecular additives on metal ion insertion and of inserted metal ions on dye-TiO2 interaction, the study will connect the fields that have largely been developing in parallel, even though dealing with similar elementary processes. This is expected to result in new insight and in the development of improved anodes for both photoelectrochemical solar cells and Li-ion and Na-ion batteries.




2.2. Specific Aims


This proposal aims to answer the following questions:



	1)

	
How do molecular co-adsorbents affect the electronic structure of the dye-semiconductor interface and, consequently, electron injection into TiO2 and recombination of injected electrons with electrolyte species? We need to understand the trends in the effects of molecular co-adsorbents (specifically on dye adsorption configuration and energy and on energy level matching) depending on their molecular structure, including the influence of specific functional groups, such as nitrogen containing heterocycles. This knowledge will help design co-adsorbent-dye combinations enhancing the performance of mesoscopic solar cells.




	2)

	
Do Li or Na counterions insert into and de-insert from the TiO2 anode under the photoelectrochemical cell’s operating conditions? Specifically, does the metal ion concentration in TiO2 affect significantly the electronic structure, conduction, electron injection (short circuit current), diffusion and recombination (open circuit voltage)?




	3)

	
Can the interaction with the metal ion change the phase of the nanostructured anode material? If so, is this a reversible change? This could have a profound effect on the durability of mesoscopic solar cells.




	4)

	
How does this interaction depend on the kind of ion (e.g., Li vs. Na) and the specific polymorph of TiO2? How does it depend on the nanoparticle morphology and the surface indices of the facets approached by the ion? This includes a comparative study of anode structures (phases, facets) used in photoelectrochemical cells and those used as prospective anodes in Li or Na ion batteries. This knowledge will enable the design of anodes with desired insertion (for metal ion batteries), absorption and conduction band (for DSSC) properties.




	5)

	
To what extent is it possible to decouple the design of co-adsorbents and counterions from the design of dyes? There are conflicting reports in the literature about this [32].







With the knowledge derived from studying points 1–5, one can produce structure-property relations, such as trends in the conduction band edge position, conductance, crystal structure and chemical potential depending on adsorbed or inserted electrolyte species. This knowledge is valuable in designing the anode material, as today, it is possible to experimentally control the crystal structure (i.e., anatase vs. rutile) and, to some extent, the exposed surfaces [79].





3. Detailed Proposal


3.1. Detailed Justification


3.1.1. Importance of Developing Functionalized TiO2 Anodes for Mesoscopic Solar Cells


Improved TiO2 anodes are needed to capitalize on recent advances in mesoscopic solar cells. Despite the abundance of Si, Si-based solar cells do suffer from several resource limitations for terawatt-scale deployment, such as the Ag electrode [5]. Other high-efficiency solar cell technologies also suffer from resource limitations [5] and/or require the use of large quantities of highly toxic materials (e.g., CdTe cells) [80].



There are no resource limitations facing organic dye-based photoelectrochemical cells [5], and they can be made with environment-friendly materials. Therefore, there is potential to achieve cost-effective and mass-producible solar cells. The technology was first proposed in 1991 [81], but it is only in the last couple of years that significant advances have been made, which make commercial dye-sensitized cells an achievable goal. Specifically, efficiencies of over 10% have been achieved with organic-based dyes and non-iodine electrolyte and also with a Pt-free cathode [82,83]. In fact, the current record efficiency cell employed both a non-iodine electrolyte, a non-Ru dye, and a co-adsorbent! [24] Further progress is needed to realize high-efficiency cells with long-term stability to make this technology commercial. Theoretical studies are necessary to guide cell designers to efficient chromophore-semiconductor-electrolyte combinations, but understanding of even elementary processes in photoelectrochemical cells is still fragmentary. Such little-understood processes include anode material interactions with electrolyte species.



The effect of electrolyte species on the anode performance is under-studied. Both efficiency and durability depend on the composition of the electrolyte. Various additives were found to change the solar cell’s voltage and the rates of electron injection (desirable) and charge recombination (undesirable) [27,28,29,31]. There is, however, no unified theoretical description of an additive’s effect on cell performance that would ultimately permit rational design of additive-dye pairs. Computational modeling has the ability to make such predictions. To achieve this, structure-property relations need to be derived for additives featuring key functional groups. This is one goal of this proposal.




3.1.2. Ion Insertion into a TiO2 Anode: A Common Yet Little Studied Phenomenon in Photoelectrochemical Solar Cells and Batteries


Another goal of this proposal is to determine the effect of electrolyte species on the structure of the nanocrystalline anode. This includes a study of Li+ and Na+ insertion into TiO2 nanostructures-candidate anodes for metal ion batteries. We also hypothesize that there is significant intercalation into the anode of some of the counterions commonly used in solar cell electrolytes.



For example, the Li+ or Na+ ions are often used to modify the conduction band edge of TiO2 in photoelectrochemical cells [30,31,32]. Now, the interaction of Li+ with TiO2 also governs the performance of anodes of Li ion batteries using the same material, which now attract more and more attention [34,39,84,85,86,87,88,89,90].



It is therefore expected that a significant metal ion insertion into the TiO2 nanostructured anode should also occur under the operating condition of solar cells, but is completely ignored in the prevailing understanding of the effect of counterions on the performance of photoelectrochemical cells. There is anecdotal evidence of the bronze TiO2 formed in an operating cell (Helmut Tributsch, private communication), and irreversible Li update by TiO2 in DSSC was also observed [50]. It was observed previously [49] that sodium uptake by anatase can lead to the destruction of crystal structure and formation of TiO2(B) when the Na/Ti ratio is about 0.2. At the same time, small (7 nm) particles of anatase were shown to maintain their crystal structure up to Li/Ti = 0.21 [36,89]. Clearly, there is ion-type and size dependence of insertion dynamics that must significantly affect the lifetime of both batteries and mesoscopic solar cells (which is the Achilles's heel of this technology). This phenomenon is largely under-studied and is a focus of this proposal.





3.2. Theoretical and Computational Analysis


The proposed project involves a systematic density-functional theory and molecular dynamics analysis of the interaction of electrolyte species (molecules and Li+, Na+ ions) with TiO2 anodes.



3.2.1. The Effect of Molecular Co-Adsorbates on the Electronic Properties of the Anode


First, the dependence of the anode band structure (conduction band minimum, the density of states) on the kind of co-adsorbent needs to be studied to identify structure property relations allowing for a prediction, e.g., of the position of a conduction band minimum from the molecular structure of the adsorbed molecule. This is important for the control of the balance between the injection rate and the open-circuit voltage [28,30,31,32].



Next, the effects of nuclear motions on the electronic properties need to be included. Almost all computational studies of photoelectrochemical cells and all such studies of molecular co-adsorbents were done at the most energetically favored configurations. However, we have shown that dye nuclear motions can cause orders of magnitude changes in the injection and recombination rates [54,55,56,91]. It is therefore expected that the nuclear dynamics of the co-adsorbent will also have a strong effect on electronic properties of the dye-electrolyte-semiconductor interface and, therefore, on solar cell performance. An analysis of the evolution of the electronic structure (e.g., the energy of the conduction band minimum) of a semiconductor-co-adsorbent and semiconductor-dye-co-adsorbent interface under the influence of room-temperature vibrations (including orientational motions of the molecule with respect to the surface) have to be performed (Figure 3).
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Figure 3. Modification of the electronic properties of TiO2 surfaces with co-adsorbents is a powerful tool to increase solar cell efficiency. In [54,55,91], we showed that adsorption modes and the nuclear dynamics of a dye adsorbed on TiO2 modify electron injection and recombination rates (left panel: NK1 dye on anatase (101) surface). What is the effect of co-adsorbent molecules’ adsorption mode and dynamics on the electronic properties of TiO2 anodes of different phases, surface cuts and nano-morphologies? What are the synergetic dye/co-adsorbent effects? The proposed study will answer these questions and identify optimal TiO2/co-adsorbent combinations (right panel: a promising 4-phenylimidazole co-adsorbent on the anatase (101) surface). 
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Nitrogen-containing heterocyclic molecules have been shown to modify the open circuit voltage and the short circuit current depending on the molecular and surface structure [76]. We therefore suggest calculations of a series of imidazole derivatives adsorbed on TiO2 (such as imidazole, 4-phenylimidazole and 2-iso-propenylimidazole). Those will identify adsorption modes and trends in band structure of TiO2, depending on the molecular structure, molecular binding mode, kind of TiO2 surface (e.g., anatase (101) vs. rutile (110)), as well as on the inclusion of nuclear motions. For example, Figure 4 shows selected adsorption modes of three imidazole derivatives, and Figure 5 shows corresponding trends in the adsorption energy and in the energy of the functionalized TiO2 conduction band minimum.
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Figure 4. Selected adsorption configurations of (left to right) imidazole, 4-phenyl-imidazole and 2-iso-propenyl-imidazole on the anatase (101) surface of TiO2. 
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This should be followed with similar calculations including both co-adsorbent molecules and selected organic dyes into the model (candidate dyes are aminophenyl acid [54], indoline and carbazole dyes [92]). While interactions between Ru dyes and some co-adsorbents have been theoretically analyzed [93], there are no systematic studies of organic dyes co-adsorbed with additives on a TiO2 surface. The dependence of the electronic properties of the interface on both dye and co-adsorbent molecular structures and any synergetic effects will thus be identified. We want to understand to what extent the design of co-adsorbents can be decoupled from the design of dyes, as this is an open and important design question [31,32,94].




3.2.2. The Effect of Metal Ion Insertion on the Electronic Properties of the Anode and of Co-Adsorbents on Insertion


Previous studies of Li diffusion into other anode materials [69,95] identified the dependence of lithiated structure and diffusion dynamics on surface indices. The uptake of Li and Na is therefore expected to depend on the phase and on the surface cut of TiO2. Alloy structures with different metal concentrations and their electronic structure can be determined using DFT for selected phases of TiO2 (such as anatase, rutile, brookite, (B)) with and without the presence of co-adsorbent molecules (such as imidazole derivatives). We want to understand what alloys and compounds are formed and how much the band structure, and possibly, the crystal structure, of the original anode change, due to the intake of the ions of different metals [90] and, also, in the presence of molecular species at the surface.



Furthermore, an analysis of barriers to diffusion and molecular dynamics simulations of lithiation/sodiation proceeding through different facets (surface indices) of these phases should be performed. We want to understand how facile insertion/de-insertion of each kind of ion (Li, Na) is and, therefore, how significant this phenomenon is in typical photoelectrochemical cells and what phases and surfaces of TiO2 are expected to be good anodes for metal ion batteries, especially non-Li batteries (such as Na-ion batteries). Energetics (which determines the battery voltage), barriers to diffusion (which determines rate capability), volume expansion and crystal structure stability (which determine cyclability and anode lifetime) will then be studied, and the molecular dynamics of metal ion uptake by different TiO2 nanomorphologies will be performed.
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Figure 5. The co-adsorbent’s adsorption energy (Eads) and the change in the energy of the functionalized TiO2 conduction band minimum (d CBM) for three imidazole derivatives adsorbed on the anatase (101) surface of TiO2, as shown in Figure 4. 
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Conversely, the effect of adsorbed molecules on Li+ and Na+ insertion in battery anodes should be studied. There is mounting evidence that electrolyte molecules influence metal ion insertion dynamics in batteries, e.g., solvent adsorption and decomposition was found to influence the barrier of Li+ insertion into Si [75], and changing the solvent composition was found to enable Na+ and Mg2+ insertion into a Prussian blue analog [96]. This suggests the use of molecular co-adsorbents to influence insertion. Therefore, a systematic study on Li+ and Na+ insertion into the TiO2 of a series of molecular co-adsorbents, like those shown above, as well as electrolyte species (ethylene or propylene carbonate [97]) should be performed.





3.3. Interaction between Theory/Computation and Experiment


This computation-focused proposal can be implemented in close collaboration with experimental labs. The following measurements are proposed and can be done in most solar cell and battery labs:



	-

	
Investigation of electrochemical insertion of Li- and Na-ions into TiO2- anatase, rutile and bronze phases (standard battery characterization measurements of capacity-voltage curves at different rates) upon anode exposure to electrolytes with different Li/Na salt concentrations.




	-

	
Estimation of metal ion content based on the storage capacity obtained.




	-

	
Estimation of diffusion coefficients of Li and Na-ions in these structures, using GITT (galvanostatic intermittent titration technique), CV (cyclic voltammetry) and impedance studies.




	-

	
Evaluation of electronic conductivity on prelithiated TiO2 films.




	-

	
Experiments on photoelectrochemical cells with chemically pre-lithiated TiO2 anodes to investigate their performance.




	-

	
Measurements of the effect on electron injection and recombination rates in dye-sensitized cells of different co-adsorbent-dyes pairs (using, for example, spectroscopy and impedance techniques [98]). This, together with calculations, will be used to build structure-property relations. These relations will facilitate computational screening of co-adsorbents used to achieve a desired effect on the electronic structure of the dye-semiconductor interface, to facilitate injection and inhibit recombination.




	-

	
Measurements of I-V curves under different illumination intensities, transient photocurrent and photovoltage and AC impedance of solar cells utilizing different co-adsorbent molecules.








3.4. Expected Outcomes


The main expected outcome is computational discovery of TiO2-based materials (crystal phases, nano-sized objects of specific size and shape, surface cuts and molecular functionalizations), which best perform specific functions as anodes in batteries (high capacity and high rate metal ion insertion and de-insertion) and mesoscopic solar cells (control of conduction band edge, improved electron injection and inhibited recombination).



The proposed study will produce systematized knowledge of the interaction of molecular co-adsorbents and metal ions with TiO2 anodes of different structures. This will include trends of electronic properties of TiO2 anodes used in mesoscopic solar cells as a function of co-adsorbate and dye molecular structure. For atomic ions interacting with TiO2 anodes used in metal ion batteries and in mesoscopic solar cells, the effects of different TiO2 morphologies and different kinds of ions will be understood. Trends in key properties as a function of the initial crystal phase, surface cut, etc., will emerge. It is the knowledge of these trends that is important for the rational design of functional materials. Specifically, the resulting systematic knowledge of the properties of sodium-TiO2 co-adsorbate complexes or alloys is non-existent today. The knowledge produced in this study will therefore help in the design of better anodes for both solar cells and batteries.



With the above, anode-electrolyte species combinations with the best expected performance can be identified. The knowledge produced will therefore enable identification of promising candidate materials for both solar cells and batteries before extensive and costly experimentation is begun. The resulting cross-fertilization of the two fields will be beneficial for the development of better anode materials, through enhanced knowledge sharing, awareness and collaboration.





4. Conclusions


We proposed a computation-focused and experiment-supported study that would bridge the gap between the researches done so far in photoelectrochemical cells and battery communities and help design high-performance titania anodes for use in dye-sensitized cells and Li and Na batteries. The proposal’s novelty and competitive advantage over studies done in these two separate communities is due to the following salient points.



4.1. A Systematic Theoretical Study to Derive Structure-Property Relations


Today, there does not exist a systematic understanding of the effect of electrolyte species on electronic structure and dynamics (insertion, electron injection and recombination) in photoelectrochemical cells and batteries. The complexity of nanoscale TiO2 materials and the difficulty observing them in situ call for a theoretical study proposed here. A computer model will have full control of the factors mentioned above (surface cut, crystal structure and size, etc.). For the first time, structure-property relations as a function of key molecular building blocks or atomic species interacting with TiO2 would be built. The trends of key electronic properties of the anode with the co-adsorbent molecular size and type of functional groups, with counterion concentration, etc., will permit rational design of electrolyte-anode interfaces with improved performance.




4.2. Inclusion of Effects Due to Nuclear Dynamics


We are the first who identified a large difference in electron injection and recombination rates in photoelectrochemical cells between their static estimates and averages over nuclear motions [54,55,56,91]. We were able to do that without performing the extremely costly joint electron-nuclei dynamics [99]. We expect a strong nuclear dynamics effect to be also present in the case of a TiO2 anode interacting with electrolyte species, such as co-adsorbent molecules. One of the advantages of our approach is the inclusion of molecular dynamics. Molecular dynamics should also be used to study the atomic counterion insertion into the anode.




4.3. Considering the Effect of Counterion Intercalation on the Anode


We propose a new focus on the effects due to intercalation of electrolyte species into TiO2 anodes. To the best of our knowledge, this brings for the first time under one roof the studies of Li and Na insertion into TiO2 in photoelectrochemical solar cells and in electrochemical batteries. The phenomenon is similar in both applications, and this study will help in the design of both types of devices. The effects due to ion insertion are usually ignored in the analysis of electrochemical solar cells; therefore, this study will significantly expand the knowledge about the performance of TiO2 anodes, specifically, of the evolution of their electronic properties when exposed to the electrolyte, which could degrade the performance. Remember that durability is the most important problem preventing a wide use of the photoelectrochemical cell technology. There is currently only fragmentary understanding of the effect of counterion insertion into TiO2 on solar cell performance. There exist experimental studies of only Li insertion into different phases and morphologies of TiO2 [100,101,102], including anatase [35,36,39,84,103,104,105,106] and rutile [38,107], commonly used for solar cell anodes. These studies have been focused on applications in Li ion batteries. Theoretical studies of the insertion of Li into TiO2 are scarce [34,87,107] and of Na, non-existent. Na+ is a commonly used counterion in photoelectrochemical cells [31,32] that could also form an alloy with TiO2 and possibly cause a phase transition and, in any case, a change in the electronic properties of the anode and in cell performance [49]. A study of sodiation is also necessary to understand if TiO2 is a good potential anode for sodium batteries—a promising large-scale storage technology [15]. We propose, for the first time, a comparative and systematic (i.e., for different counterions, surfaces, etc.) computational study of Li and Na insertion into TiO2 phases and facets that have been traditionally used in both dye-sensitized cells and batteries.




4.4. Impact of Nanosizing


Most previous computational studies of the interaction of co-adsorbent molecules or atoms/ions with TiO2 were done for bulk or for extended low-index surfaces [53,76,107]. It is known that nanosizing significantly changes the electronic properties of TiO2 anodes (including suppression of first order phase transitions and a large irreversible loss of Li capacity upon the first cycle) [38,84,90,107]. We propose to include modeling nano-sized materials via nanowires, nanoparticles or high-index surfaces, narrowing the gap between theory and experiment.




4.5. A Theoretical Study Tailored to Practice


The proposed theoretical studies can be conducted in close collaboration with experimental groups to focus on the computational analysis of systems, which are practically feasible. The proposed experimental measurements are doable in most solar cell and battery labs. It will be possible to implement, in practice, anode-electrolyte combinations, which will be identified by calculations as promising, as the analysis is done on materials already widely used in practice (e.g., titania nanoparticles or imidazole derivatives).
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