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Abstract

:

Screen-printed NiO electrodes were sensitized with 11 different dyes and the respective electrochemical properties were analyzed in a three-electrode cell with the techniques of cyclic voltammetry and electrochemical impedance spectroscopy. The dye sensitizers of NiO were organic molecules of different types (e.g., squaraines, coumarins, and derivatives of triphenyl-amines and erythrosine B), which were previously employed as sensitizers of the same oxide in dye-sensitized solar cells of p-type (p-DSCs). Depending on the nature of the sensitizer, diverse types of interactions occurred between the immobilized sensitizer and the screen-printed NiO electrode at rest and under polarization. The impedance data recorded at open circuit potential were interpreted in terms of two different equivalent circuits, depending on the eventual presence of the dye sensitizer on the mesoporous electrode. The fitting parameter of the charge transfer resistance through the electrode/electrolyte interface varied in accordance to the differences of the passivation action exerted by the various dyes against the electrochemical oxidation of NiO. Moreover, it has been observed that the resistive term RCT associated with the process of dark electron transfer between the dye and NiO substrate is strictly correlated to the overall efficiency of the photoconversion (η) of the corresponding p-DSC, which employs the same dye-sensitized electrode as photocathode.
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1. Introduction


p-type nickel oxide (NiO) [1,2]; is widely employed as electrodic material in photoelectrochemical cells [3,4,5,6,7,8,9], electrochromic windows [10,11,12,13,14], and charge storage systems [15,16,17], among others [18,19,20]. The wide range of NiO applicability derives from the fact that NiO can constitute a functional material in both bulk [21] and nanostructured [22,23] versions. When nanostructured NiO is employed in the configuration of thin film (thickness, l < 10 μm) it displays photoelectrochemical activity in the presence of opportune redox mediators (e.g., the redox couple I−/I3−) [24]. Moreover, nanostructured films of NiO present solid-state electroactivity [25,26,27] due to the verification of a series of reversible electrochemical processes that switch the properties of electrical transport [28] and optical absorption [29] of the oxide itself. The optical [10,11,12,13,14,30,31], magnetic [32,33], electrochemical [34], and photoelectrochemical [35,36] properties of NiO (either in the bulk state or in the nanostructured version) are considerably altered when the surface of the oxide is dye-sensitized [37]. Such a type of electrode modification consists mainly in the impartation of additional optical absorption [38,39,40,41,42,43,44,45,46,47,48,49] and photoelectroactivity to NiO in the NIR-Vis range, i.e., in a spectral range of lower energies with respect to the intrinsic optical absorption of pristine NiO (typically in the near ultraviolet (UV)) [50]. Dye sensitization of nanostructured p-type NiO is finalized principally to the realization of devices, such as dye-sensitized solar cells of p-type (p-DSCs) [51,52,53,54,55,56,57,58,59], light-fueled electrolyzers for hydrogen generation [5,60,61,62,63,64,65], and photoelectrochemical reactors for carbon dioxide reduction [66,67]. Because of these finalities, the study of dye-sensitized electrodes is usually aimed at the analysis of the light absorption properties and at the determination of the efficiency of photoelectrochemical conversion in the process of interest. In this context of research, a less considered (but not less important) aspect is represented by the analysis of the electrochemical properties of the electrode in the dye-sensitized state when the system is in dark conditions (i.e., the evaluation of the electrochemical properties of a photoelectrode in the “blank” state) [68]. In the particular case of dye-sensitized NiO for p-DSC purposes, the observation of a series of effects imparted by the dye sensitizer to the oxide substrate has been previously reported, even in absence of illumination [68,69,70]. These effects mostly consisted of the passivation of the NiO surface towards the oxidation of the NiO substrate itself [69,70,71], the observation of additional redox processes based on the immobilized dye (representing the actual redox-active species) [72], and redox processes following the synergy between the dye and oxide due to the spontaneous exchange of electronic charge between the dye and the oxide in the unbiased state [72]. The present contribution reports a study on the electrochemical and photoelectrochemical properties of NiO thin films prepared via screen printing [36,73,74] when the NiO electrode is either in the pristine state or in the dye-sensitized version. In particular, we considered the sensitization of nanostructured NiO with a series of organic dyes, the optical absorption properties of which span the visible and (near-infrared) NIR ranges. The structures of the nine dyes here employed as sensitizers of NiO are reported in the Supplementary Materials (Figures S1–S3). The colorants here considered are P1 [75,76,77,78], Fast Green (FG) [79,80], erythrosine B (ERY) [3,81,82,83], the series of the differently substituted squaraines DS_35, DS_44, and DS_46 [84,85], and the series of squaraines VG_1, VG_10, and VG_11, which differ to the extent of electronic conjugation [86].




2. Materials and Methods


Mesoporous NiO thin films have been deposited via screen printing of a paste containing NiO nanoparticles in accordance to the procedure reported in [36]. The scheme of preparation of the paste is reported in Table S1. The paste was successively screen printed onto Fluorine doped Tin Oxide (FTO)-coated glass and annealed at 450 °C in an oven, and a non-stoichiometric film of porous nickel oxide (l = 2.5 μm) was obtained [36]. The resulting film of NiO was nanostructured (Figure 1) and was used successively as a photocathode of a p-DSC in both pristine and sensitized states. The morphology of the NiO film is the same for all the employed cathodes as proved by SEM analyses. NiO was sensitized with the series of commercial dyes, P1, Erythrosine B (ERYB), and Fast Green (FG), and the series of squaraines prepared in laboratory scale, DS_35, DS_44, DS_46, VG_1, VG_10, and VG_11. The procedures of the syntheses of the six squaraines here considered have been reported elsewhere [87,88]. The sensitization procedure consisted of the dipping of the electrode in a solution of the given sensitizer. The solvent and the dipping time varied with regard to the colorant employed. When P1 was the sensitizer, the electrode was dipped in a 0.3 mM solution of P1 in acetonitrile for 16 h. The solutions of NiO sensitization with ERYB and FG had ethanol as the solvent, and for both dyes, the concentration was 0.3 mM [70,81,83,89]. The corresponding dipping time was 16 h. When the squaraine was employed, the sensitization was performed for 2 h in a 0.3 mM solution of each dye in ethanol. The shorter duration of the dipping time was used to avoid molecular aggregation [86].



Cyclic voltammetry (CV) measurements have been carried out in a three-electrodes cell. The potential was cyclically varied from open circuit voltage toward more cathodic potential to 1.2 V and further back to −0.27 V. More than 10 cycles have been recorded for each device in order to highlight any modification of the electrode behavior due to potential variation. The analyses of three different cells (sensitized with the same dye) led to identical results. Electrochemical impedance spectroscopy (EIS) measurements have been carried out in a three-electrodes configuration cell. A constant perturbation of ±20 mV from open-circuit voltage has been supplied by a potentiostat (AUTOLAB PGSTAT12® from Metrohm, Herisau, Switzerland) during all the measurements, whereas the frequencies have been modulated from 100 KHz to 1 Hz: applied frequencies lower than 1 Hz led to unreliable (and non-reproducible) experimental points. Bode’s plot was used to report the experimental data. In both CV and EIS experiments, the working electrode (WE) was a film of NiO deposited onto a FTO-coated glass, the counter electrode (CE) was a platinum rod, and the reference electrode was an Ag/AgCl electrode (+0.222 mV vs. NHE (Normal Hydrogen Electrode)). All the potentials reported throughout this work are referred to it. In all the experiments, the electrolyte solution was LiClO4 0.2 M in ACN (Acetonitrile). All figures have been plotted with the application Kaleidagraph 3.6, and their photoelectrochemical characterization has been already described in previous works [36,85,86].




3. Results and Discussion


3.1. Analysis of the Voltammetric Data


After sensitization of screen-printed NiO, the open-circuit voltage (VOC) of the three-electrode cell with the dye-sensitized NiO as the working electrode was recorded. The corresponding values are displayed in Table 1.



The bare NiO in the native nanostructured version presents an excess of positive charge on its surface due to the presence of defective Ni(III) centers [26,91]. Such surface-localized species are responsible for the anchoring of the dye sensitizer [68] due to the hydrolysis reaction between the electron deficient site of Ni(III) and the carboxylic group of the colorant [92]. Such a process of sensitization diminishes the positive charge exposed to the electrolyte in passing from the sensitized NiO to the bare NiO with a consequent decrease of the potential difference across the double layer [71]. As a consequence of that, in dark conditions, the open-circuit voltage (OCVdark) of the three-electrode cell with sensitized NiO as the working electrode will be lower with respect to the value displayed by the cell with the bare NiO electrode. All observed values of the OCVdark for the three-electrode cells having sensitized NiO as the working electrode (WE) (see Table 1) are consistent with the given depiction of the mechanism of sensitization. Because dye anchoring is supposed to annihilate the positively charged sites on the surface of the defective nanostructured NiO, the extent of the OCVdark decrease is related to the degree of surface passivation and, as a such, represents a measure of the efficacy with which a single molecule covers the NiO electrode surface. In fact, the combined analysis of the dye loading and the OCVdark data can be of some usefulness to estimate the apparent volume of a dye when in the surface-immobilized state [86].



Within the family of DS squaraines, all three members possess the same extent of electronic conjugation but differ in the length of the alkyl chain [44]. Because the difference (OCVdark(NiO) − OCVdark(NiO-DS)) increases from DS_44 (230 mV) to DS_46 (275 mV), with DS_35 displaying the intermediate value (240 mV), we evince that DS_46, with its longer substituent (dodecyl group) and the lowest surface concentration (0.35 × 10−8 mol cm2), is the sensitizer with the strongest ability to passivate the surface charge of NiO among the three symmetric squaraines of the DS family. In conclusion, the differences in the passivation action of the DS dyes reside mostly on the bulkiness of the substituent given the equality of extension of the conjugated skeleton (Figure S2). Therefore, after sensitization of NiO with DS squaraines, the alkyl chains also cover those electron-deficient sites of the surface, which have not been involved in the process of dye sensitization. In doing so, the alkyl chains of immobilized DS molecules prevent the further sensitization of the NiO surface despite the availability of free sites of anchoring. Within the group of VG squaraines, the structural differences among the three members consist of the enlargement of the structure in passing from VG_1 to VG_10 and VG_11 due to the additional presence of a condensed additional phenyl ring in VG_10 and VG_11. Such a variation brings about an extension of the conjugated moiety in VG_10 and VG_11 in comparison to VG_1, with consequences on the main property of the electronic polarizability. Data in Table 1 show that VG_1-sensitized NiO produces the cell with the highest value of OCVdark(NiO) within the group of VG dyes. Such a finding is consistent with the previous considerations of the factors controlling the passivating effect of a dye when in the anchored state: VG_1 represents the dye with the smallest volume with respect to VG_10 and VG_11 due to the lack of two condensed benzene rings (Figure S3). For this reason, the passivation of the excess charge on the NiO surface with VG_1 will be less efficacious in comparison with VG_10 and VG_11, and the corresponding value of OCVdark(VG_1-NiO) will be larger (150 mV) than OCVdark(VG_10-NiO) and OCVdark(VG_11-NiO) with 30 and 120 mV, respectively (Table 1). When the OCVdark values of the cells with VG_10- and VG_11-sensitized NiO WEs are compared, a strong diminution of OCVdark is observed from VG_11 to VG_10 (120 mV vs. 30 mV, Table 1). Accordingly, two important points have to be evidenced when VG_10 and VG_11 are confronted: (1) the presence of two strong electron-withdrawing groups in VG_1 (i.e., the cyano groups) which replace an atom of oxygen in the four terms ring; (2) a minor conformational freedom of VG_11 versus VG_10 due to the limitation of the rotation of the benzo-isoindoline moieties around the bond that links them to the squaric ring as imposed by the presence of the bulkier cyano groups in VG_11. The remarkably low value of OCVdark(VG_10-NiO) within the VG series could be due to the concomitant action of several factors: (a) enhanced electron donor properties of the benzo-isoindoline moiety towards the electron-deficient sites of NiO with respect to the isoindoline unit of VG_1; (b) despite the analogous extension of the electronically conjugated network, VG_10 lacks two CN groups (i.e., electron-withdrawing groups), which disfavor the retro-donation of negative charge from the dye molecule to the positive centers localized on the NiO surface when VG_11 is the sensitizer. For this reason, it is expected to observe a larger diminution of OCVdark with respect to the bare NiO in passing from the cell with a VG_10-sensitized electrode to the one with a VG_11-sensitizer. In other words, VG_10 compensates more efficiently the electron deficiency of the NiO surface by virtue of its more favorable properties of electron donation with respect to VG_1 and VG_11. A comparison of the trends of OCVdark values for the VG and DS families of squaraines is rendered quite complicated by the differences in the number of anchoring groups (four in DSs and two in VGs), the extension of the conjugated moiety, and the presence of the amino-phenyl moiety in sole DSs. For this reason, we do not attempt an explanation of the differences in the OCVdark values for the groups of VGs and DSs. A similar shift of open-circuit potential is also observed when screen-printed NiO film is sensitized with coumarin 153 and coumarin 343 (see Table S2 and Figure S4 in the Supplementary Materials). When NiO is electrochemically cycled in non-aqueous solvent within the potential range in which the oxide undergoes the series of solid state oxidation processes [27], the following occurs:


NiO + mClO4− → Ni(II)1−mONi(III)m(ClO4)m + me−



(1)






Ni(II)1−mONi(III)m(ClO4)m + mClO4− → Ni(II)1−mONi(IV)m(ClO4)2m + me−



(2)







Two broad peaks appear in the relative voltammogram of NiO (black trace in Figure 2 and Figure S5 in the Supplementary Materials). The oxidation peak observed at the lower applied potential corresponds to the process of Equation (1), whereas the oxidation occurring at the higher potential refers to the redox process of Equation (2) [3].



The adoption of P1 as a sensitizing agent has a clear effect of NiO surface passivation towards the redox processes of Equations (1) and (2) (brown-reddish trace in Figure 2) in accordance to previously reported data, which referred to the P1-sensitized NiO electrodes deposited via rapid discharge sintering (RDS) [75]. This is not the case of ERY-sensitized NiO (violet trace in Figure 2), because the presence of the sensitizer amplifies the current wave associated with the oxidation of NiO with respect to the electrochemical response of the bare oxide (black trace in Figure 2). Moreover, the NiO electrode sensitized with ERY does not display any additional redox peak or a potential shift of the oxidation peaks with respect to pristine NiO. This combination of findings evidences that the ERY sensitizer does not alter the nature of the redox processes NiO undergoes (Equations (1) and (2)). The verification of a decrease of the open-circuit potential going from the bare NiO to the ERY-sensitized version indicates that ERY mainly acts as an electron-donor towards NiO with consequent increases of the number of surface sites prone to electrochemical oxidation. Thus, a process of the following type can be predicted:


h+(NiO) + ERY → [e−-h+](NiO) + (ERY)+



(3)




where the holes h+(NiO) localized on the NiO surface represent the defective Ni(III) sites of the pristine oxide [23,26]. This is equivalent to say that chemisorbed ERY induces the chemical conversion Ni(III) → Ni(II). As a consequence of that, an increase in the oxidative current associated with the process of Equation (1) should be expected. In some precedent cases, it has been also verified that ERY exerts a passivating action on the surface of (Rapid Discharge Sintering) RDS-NiO [83] similar to what we have observed here with P1 (brown-reddish trace in Figure 2). Such discrepant behaviors of ERY as a NiO sensitizer have to be ascribed to the differences in the surface compositions of the differently prepared NiO samples. In fact, the extent of the charge transfer from ERY to NiO depends on several characteristics of the NiO substrate, such as the surface concentration of defective Ni(III) sites, surface concentration of the sites of dye anchoring (such “species” do not necessarily coincide with the defective Ni(III) centers) [86], degree of NiO surface hydration [26], porosity [55], and extent of dye coverage.



The FG sensitizer shows an apparent effect of NiO surface passivation (green trace in Figure 2 and brown-reddish trace in the left frame of Figure 3) as far as the process of NiO oxidation at lower potential is concerned (Equation (1)). Moreover, FG introduces an additional peak of oxidation due to the electroactivity of the dye itself (see the comparison of the two traces in the left frame of Figure 3).



The peak of FG oxidation overlaps with the oxidation process of NiO reported in Equation (2). After one cycle, the NiO electrode became decolored (photograph in the right frame of Figure 3). The oxidation of immobilized FG then brings about the detachment of the dye from the surface of NiO. This effect is probably due to the scarce electrochemical stability of the sulfonic group as a linker of FG [92]. DS squaraines in the immobilized state have also shown an analogous behavior upon continuous electrochemical cycling (Figure 4) [72].



The first cycle of DS_46-sensitized NiO in Figure 4 is characterized by the presence of two irreversible current peaks (Figure 4a) that do not appear in the successive scans (Figure 4b). We attribute this sequence of events to the combined oxidation of DS_46 and NiO during the first cycle with successive peeling-off of the dye from the substrate. In the first cycle, the process of NiO oxidation (Figure 2 and Figure S5) is completely masked by the much ampler wave of current associated with DS_46 oxidation. The amplitude of the oxidation peaks of DS_46 is ca. 10 times larger than the amplitude of the peaks characteristic of NiO oxidation. In the successive cycles, the current peaks we attributed to the oxidation of DS_46 were no longer present. Moreover, the voltammograms of the successive cycles recall the ones of the bare NiO within the same potential range (comparison between the voltammetric profiles in the left frame of Figure 4 and the black trace of Figure 2). The hypothesis of the detachment of DS_46 consequent to its surface oxidation is supported by the observation of electrode decoloration after the treatment of electrochemical cycling (Figure 5 and Figure S6). An analogous electrochemical behavior has been observed when screen-printed NiO was sensitized with the other squaraines DS_35, DS_44, VG_1, VG_10, and VG_11 (see Figures S7–S11 in the Supplementary Materials). The electrochemical behavior of the screen-printed NiO sensitized with the series of squaraines considered here is consistent with the findings reported in previous works about the electrochemical and photoelectrochemical properties of various NiO samples sensitized with the commercial squaraine SQ2 [72,93,94].



The voltammograms of coumarin-sensitized NiO electrodes are shown in Figure S12 (see Supplementary Materials). Different from squaraines, surface-immobilized coumarins do not introduce redox peaks associated with the redox activity of the dye. Moreover, the observation of a scarce effect of NiO surface passivation, as well as a poor effect of NiO sensitization indicate that coumarins do not anchor in large amounts onto the mesoporous NiO surface prepared via screen printing.




3.2. Analysis of the Impedance Spectra


The electrochemical impedance spectra of the three-electrode cells having the bare or sensitized NiO as the working electrode have been recorded at open-circuit potential (VOC). The corresponding values of VOC for the cells with differently sensitized NiO electrodes are those reported in the second column of Table 1 (vide supra). After the assembly of the cell, its value of VOC was first measured. The impedance spectrum of the cell was recorded immediately after the determination of VOC with the cell potential kept at the given value of VOC.



The impedance analysis was not conducted on the cells after the treatment of electrochemical cycling, because it has been observed that electrochemical cycling generally introduces irreversible modifications of the sensitized electrode (i.e., partial or complete desorption of the dye). It is worth mentioning that the electrochemical cycling did not provoke any structural modification in the electrode. To confirm that, we reported some SEM images (see Figure S6 Page: 8 and Table S3) of pristine NiO, sensitized NiO, and cycled-sensitized NiO. No meaningful structural variations may be highlighted. Interestingly, EDX (Energy Dispersion X-ray) analyses showed different elemental distributions for the three electrodes: compared to the bare NiO, the sensitized electrode has a higher carbon content due to the organic molecule chemisorbed onto the NiO surface. After cycling, the carbon content decreases, but it is still higher compared to the pristine electrode. The latter evidence is consistent with the dye degradation evidenced during the CV experiments: the sensitizer occurred in some oxidation reactions (and it did not still adsorb visible light), but it did not completely detach from NiO, and it partially contributes to the electrode passivation (see above). As previously shown, dye desorption/degradation has been verified through the continuous changes of the shape of the voltammograms with cycling (Figure 4 and Figures S7–S12 in the Supplementary Materials) and through the non-negligible variation of the open-circuit potential of the cell in passing from the pristine state to the cycled one (VOC vs. VOC,20 in Table 1). Figure 6, Figure 7 and Figure 8 present the impedance spectra of the differently sensitized cells in the form of Bode plots.



The impedance data presented in Figure 6, Figure 7 and Figure 8 were fitted with the response calculated for the equivalent circuits displayed in Figure 9 and Figure 10. Two distinct models were considered depending on the eventual presence of the dye sensitizer on the electrode surface. The model of Figure 9 is characterized by the parallel connection of the charge transfer resistance through the bare electrode/electrolyte interface (RNiO/el) to the capacitive element CPENiO/el. The latter circuital element is associated with the charge distribution representing the electrochemical double layer at the bare NiO/electrolyte interface. The second model of equivalent circuit (Figure 10) accounts for the presence of the immobilized sensitizer and considers accordingly the additional interface NiO/dye created by the combination of the electrode with the dye sensitizer. The consideration of the NiO/dye interface as the relevant electrical element of the modified electrode has led to the insertion of the parallel terms Rct (=resistance of the charge transfer between NiO substrate and dye) and CPEct (=element of constant phase, which refers to the charge distribution at the NiO/dye interface during the charge transfer) in the model of Figure 10. The fit of the impedance spectrum of the cell with the bare NiO as the working electrode was realized when RNiO/el = 4517 ± 53 Ω and the double-layer capacitance at the NiO/electrolyte interface CNiO/el was 8.06 ± 0.80 μF. Table 2 lists the fitting values of the electrical parameters RNiO-D/el, Rct (Figure 10) and CNiO-D/el. The latter capacitive element refers to the charge distribution at the interface formed by the sensitized NiO electrode in contact with the electrolyte. The simulated impedance spectra are shown in the Supplementary Materials (Figures S13–S22).



In the Bode’s plot, phase diagrams usually exhibit a number of peaks corresponding to the number of RC (Resistor-Capacitor) elements. This is true when investigated phenomena occur in different time scales. In the present case, this happened for just some of the sensitized electrodes (e.g., P1, ERYB, and VG_11). When FG or the dyes from the DS series are employed as the sensitizer, the two phenomena (i.e., the charge transfer from the NiO to the dye and the charge transfer from the sensitized electrode to the electrolyte) occurs in a quite similar time scale, and the two peaks tend to merge into (a broadened) one, straightforwardly. It is worth mentioning that a different time scale between the two reactions is typical of well-performing sensitizers (see Table 3 below).



Impedance data confirm that the dye sensitizer generally acts as a passivating agent of the NiO surface, because the resistance of the charge transfer through the electrode/electrolyte interface is systematically higher for the sensitized electrode (RNiO-D/el > 14 kΩ, Table 2, second column from left) with respect to the pristine NiO (RNiO/el < 5 kΩ). Because the characteristic electrochemical processes of NiO consist of the simultaneous injection of the electronic charges and ion uptake (Equations (1) and (2)), the presence of the dye sensitizer with its steric hindrance impedes the approach of the charge, compensating ions towards the surface of NiO during its oxidation. As a confirmation of that, the largest values of the charge transfer resistance are found when the NiO is sensitized by the dyes with the largest skeleton or the longer pending groups within the same series. These are the cases of VG_11 within the VG series (Figure S3) and of DS_46 within the DS series (Figure S2).



Analogous considerations hold when the resistances of FG- and P1-sensitized NiO electrodes are compared to that of ERY-sensitized NiO (Figure S1). Dye loading (Table 1, first column from the right) does not appear as crucial as the size of the dye in controlling the interfacial resistance RNiO-D/el. This is probably because the variations of dye loading are not large enough to generate substantial differences of passivating action within the set of dye sensitizers here considered. With the exception of NiO sensitization with ERY and VG_11, dye chemisorption generally leads to a decrease of the double-layer capacitance of the electrode/electrolyte interface CNiO-D/el with respect to the bare NiO. Such a diminution of CNiO-D/el is consistent with the effect of masking of the NiO surface charge, which is produced by the sensitizer as previously discussed during the analysis of the trend of VOC (Table 1).



The dark resistance of the charge transfer between the NiO substrate and the dye sensitizer (the Rct term defined in Figure 10) refers to the process of the charge injection in the NiO with the dye in the ground state, which acts as mediator. We show here that such a resistive term (that is determined in the absence of illumination in a three-electrode cell with a dye-sensitized working electrode) can represent a valid parameter for the evaluation of the efficacy with which the dye in the optically excited state transfers electronic charge to the semiconducting substrate during the operation of an illuminated dye-sensitized solar cell [95]. Table 3 reports the fundamental photoelectrochemical parameters of the p-DSCs, employing the same dye-sensitized electrodes of the experiments shown in Figure 6, Figure 7 and Figure 8 when the redox shuttle is the couple I−/I3− and the counter electrode is platinized FTO. Rrec is the recombination resistance at the NiO/electrolyte interface in complete device configuration.



It is found that the sensitizers producing the largest efficiencies of conversion η (>0.030%, Table 3) in the corresponding p-DSCs employing the NiO cathodes display generally the lowest values of the dark parameter RCT within the same series of compounds. This is particularly evident in the cases of P1 and ERY and in the cases of the DS_44 and VG_11 sensitizers within their respective families of squaraines. The existence of a correlation between the trends of η and RCT within the same class of compounds indicates that when the electron transfer (et) between the NiO and the ground state of the sensitizer is efficient, the process of et between the NiO substrate and the excited state of the sensitizer is as efficient as the one conducted in dark conditions, despite the involvement of different electronic states of the sensitizer (and probably of different energy levels in the electronic structure of the mesoporous, semiconducting NiO) [96] in these two processes.





4. Conclusions


In the present work, the electrochemical characterization of screen-printed NiO electrodes sensitized with the commercial benchmarks ERY, P1, and FG and with two series of squaraines, differing according to the extent of electronic conjugation (VG series) and the size of peripheral substituents (DS series), has been considered. The presence of the chemisorbed sensitizers P1 and FG on the screen-printed NiO induces an effect of passivation of the oxide surface against NiO oxidation. Such an effect manifests itself through the decrease of the intensity of the characteristic peaks of NiO oxidation when the oxide passes from the bare to the P1- or FG-sensitized state. In such cases, the electronic interactions between the dye sensitizer and the NiO surface can be considered weak, because no process of charge transfer between the dye and the oxide occurs in dark conditions or for small polarizations of the sensitized NiO electrode. Squaraines and, to a lesser extent, FG undergo a process of electrochemical oxidation in the immobilized state when the applied potential falls in the range of NiO electroactivity. Such a redox process brings about the disruption of the electronic conjugation in the dye skeleton and its successive detachment from the substrate. This was verified by the decoloration of the electrochemically cycled NiO. Because the solid-state electrochemical process of NiO oxidation consists of the dark injection of holes (i.e., the formation of Ni(III) centers, which render nickel oxide a non-stoichiometric system), such a finding warns us about the employment of squaraines (and FG) as dye sensitizers of NiO in p-type dye-sensitized solar cells: their use must be particularly judicious. The occurrence of the oxidation for NiO and squaraines within the same range of applied potential indicated that the simultaneous presence of holes in the NiO and the oxidized dye in the immobilized state is deleterious for the chemical stability of the linker anchoring the dye to the NiO surface. Consequently, the diffusion of the photoinjected holes towards the NiO bulk has to occur faster than the onset of the degrading process of linker rupture, which starts from the excess of positive charge at the dye/electrode junction. Different to all other sensitizers here examined, ERY produced the opposite effect of dark current enhancement corresponding with the electrochemical oxidation processes of NiO. Such a finding has been attributed to the occurrence of a spontaneous process of electron transfer from the ERY sensitizer to the defective Ni(III) centers of the NiO surface in the absence of any external polarization. The consequence of the resulting conversion Ni(III) → Ni(II) would be the increase of the surface sites of NiO, which undergo electrochemical oxidation. The electrochemical impedance spectra of the differently sensitized electrodes have been analyzed and modeled with two distinct equivalent circuits depending on the version of the NiO electrode (i.e., pristine or sensitized). Within a set of dye, we could find a correlation between the trend of the dark charge transfer resistance at the electrode/dye junction and the trend of the overall efficiency of photoconversion in the corresponding dye-sensitized solar cells employing the same sensitized electrode as a photocathode. The photoelectrochemical cells displaying the highest efficiencies of solar conversion were those that employed sensitized NiO electrodes with the lowest values of charge transfer resistance through the dye/NiO junction in the absence of illumination. This finding would indicate that the electronic communication between the NiO substrate and the dye sensitizer is the most important factor of control of the electrochemical and photoelectrochemical processes occurring at this type of modified semiconductor.
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Figure 1. SEM picture of the mesoporous NiO film (thickness, l = 2 μm) here employed as the working electrode and dye-sensitized solar cells of p-type (p-DSC) photocathode. 
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Figure 2. Variation of the voltammogram of screen-printed NiO electrodes in passing from the bare state (black trace) to the sensitized ones with ERY, FG, and P1 (see Figure S1 for the corresponding structures). Scan rate: 100 mV s−1. 
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Figure 3. (a) Zooming of the voltammograms of the bare NiO (blue trace) and FG-sensitized NiO (brown-reddish dots); (b) Photograph of FG-sensitized NiO prior the treatment of electrochemical cycling (colored sample on the left) and after electrochemical cycling (bleached sample on the right). 
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Figure 4. (a) First 20 voltammograms of the DS_46-sensitized NiO electrode at the scan rate of 100 mV s−1. The first two cycles are indicated; (b) Stabilization of the voltammogram of the DS_46-sensitized electrode after the first cycle, evidenced in the left frame. The red arrow indicates the sense of variation of the current profile upon the increase of the number of cycles. See Figure S2 for the visualization of the dye structure. 
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Figure 5. Photographs of DS_46-sensitized NiO film before (a) and after (b) the electrochemical cycling of Figure 4. 
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Figure 6. (a) Variation of the phase of the electrochemical impedance with the frequency of the potential stimulus for the cells with the bare, ERY-, P1-, and FG-sensitized NiO as the working electrode; (b) Variation of the impedance modulus with the frequency of stimulus for the four cells analyzed in the left frame. 






Figure 6. (a) Variation of the phase of the electrochemical impedance with the frequency of the potential stimulus for the cells with the bare, ERY-, P1-, and FG-sensitized NiO as the working electrode; (b) Variation of the impedance modulus with the frequency of stimulus for the four cells analyzed in the left frame.



[image: Coatings 08 00232 g006]







[image: Coatings 08 00232 g007 550] 





Figure 7. (a) Variation of the phase of the electrochemical impedance with the frequency of the potential stimulus for the cells with the bare, DS_35-, DS_44-, and DS_46-sensitized NiO as the working electrode; (b) Variation of the impedance modulus with the frequency of stimulus for the four cells analyzed in the left frame. 
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Figure 8. (a) Variation of the phase of the electrochemical impedance with the frequency of the potential stimulus for the cells with bare, VG_1-, VG_10-, and VG_11-sensitized NiO as the working electrode. (b) Variation of the impedance modulus with the frequency of stimulus for the four cells analyzed in the left frame. 
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Figure 9. Model of equivalent circuit for the fitting of the electrochemical impedance spectroscopy (EIS) data recorded at the potential of the open circuit of three-electrode cell with the bare NiO as the working electrode. Rel: the sum of all the resistances due to the circuital elements except the working electrode. RNiO/el: resistance of the charge transfer through the interface created by the bare NiO and the electrolyte; CPENiO/el: element of the constant phase, which refers to the charge distribution during the process of the charge transfer through the interface created by the bare NiO and the electrolyte. 
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Figure 10. Model of the equivalent circuit for the fitting of the EIS data recorded at the potential of open circuit of three-electrode cell with dye-sensitized NiO as the working electrode. Rel: the sum of all the resistances due to the circuital elements except the working electrode; Rct: resistance of the charge transfer between the NiO substrate and the dye; CPEct: element of the constant phase, which refers to the charge distribution at the NiO/dye interface during the process of the charge transfer between the NiO and the dye; RNiO-D/el: resistance of the charge transfer through the interface created by the sensitized electrode and electrolyte; CPENiO-D/el: element of the constant phase, which refers to the charge distribution during the process of the charge transfer through the interface created by the sensitized electrode and the electrolyte. 






Figure 10. Model of the equivalent circuit for the fitting of the EIS data recorded at the potential of open circuit of three-electrode cell with dye-sensitized NiO as the working electrode. Rel: the sum of all the resistances due to the circuital elements except the working electrode; Rct: resistance of the charge transfer between the NiO substrate and the dye; CPEct: element of the constant phase, which refers to the charge distribution at the NiO/dye interface during the process of the charge transfer between the NiO and the dye; RNiO-D/el: resistance of the charge transfer through the interface created by the sensitized electrode and electrolyte; CPENiO-D/el: element of the constant phase, which refers to the charge distribution during the process of the charge transfer through the interface created by the sensitized electrode and the electrolyte.



[image: Coatings 08 00232 g010]







[image: Table] 





Table 1. Second column from left: list of open-circuit potential values VOC of the three-electrode cells differing for the nature of the sensitizer anchored on the NiO-working electrode. In the third column from left, the values of VOC,20 refer to the open-circuit value of the cell after electrochemical cycling. The number of consecutive electrochemical cycles was 20 (vide infra). The given value was recorded when the open-circuit potential was steady for at least 30 min after the conduction of 20 voltammetric cycles within the potential range −0.3 V ≤ Eappl ≤1.2 V vs. Ag/AgCl. The first column on the right lists the values of dye loading on the NiO film determined via the desorption method described in [90]. For the quantitative determination of dye loading in the case of the NiO sample sensitized with Fast Green (FG), the desorption method could not be adopted because of the scarce effect of dye desorption with the ordinary bleaching agents having medium basic strength.
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	Dye
	VOC (mV) vs. Ag/AgCl
	Dye Loading (10−8 mol cm−2)





	–
	360
	–



	P1
	140
	20 a



	FG
	−55
	NA



	ERY
	265
	1.23



	VG_1
	150
	1.63



	VG_10
	30
	1.73



	VG_11
	120
	2.35



	DS44
	130
	1.12



	DS35
	120
	0.87



	DS46
	85
	0.35







a from ref. [55]. ERY: erythrosine B.
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Table 2. List of the fitting values of RNiO-D/el, Rct, and CNiO-D/el for the simulation of the impedance spectra of the cells with sensitized NiO electrodes at the condition of open-circuit potential. The meaning of the terms RNiO-D/el and Rct is the same as reported in the caption of Figure 10. CNiO-D/el is the capacitance of the double layer at the sensitized NiO/electrolyte interface.
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	Dye
	RNiO-D/el (Ω)
	Rct (Ω)
	CNiO-D/el (μF)
	Rrec (Ω)





	P1
	58,212 ± 456
	292.6 ± 2.9
	6.52 ± 0.70
	85.2



	ERY
	23,611 ± 221
	455.5 ± 4.9
	8.62 ± 0.69
	63.1



	FG
	37,938 ± 412
	4023 ± 53
	6.91 ± 0.76
	58.6



	DS_44
	15,230 ± 144
	1328 ± 18
	6.72 ± 0.86
	52.3



	DS_35
	29,035 ± 258
	2899 ± 36
	7.66 ± 0.68
	72.9



	DS_46
	69,673 ± 665
	3204 ± 39
	7.97 ± 0.76
	96.7



	VG_1
	14,447 ± 153
	602.3 ± 10.3
	6.08 ± 1.16
	15.8



	VG_10
	22,059 ± 196
	424.2 ± 12.0
	6.30 ± 1.15
	60.3



	VG_11
	71,463 ± 423
	187.9 ± 2.3
	8.59 ± 0.68
	71.5
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Table 3. Values of the relevant parameters’ open-circuit photopotential (VOC), short-circuit current density (JSC), fill factor (FF), and overall conversion efficiency (η), which characterize the photoelectrochemical performance of a p-DSC with a sensitized NiO photocathode. For the assembly of the DSC and the determination of the photoelectrochemical parameters, we adopted the experimental conditions reported in [97]. Data of the p-DSCs employing FG-sensitized NiO photocathodes could not be determined for the scarce time stability of the relative photoelectrochemical response.
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	Dye
	VOC (mV)
	JSC (mA cm−2)
	FF (%)
	η (%)
	Ref.





	–
	96
	−0.261
	40.76
	0.01
	–



	ERY
	88
	−1.019
	36.02
	0.032
	[86]



	P1
	125.6
	−1.188
	32.9
	0.049
	–



	VG_1
	87
	−0.577
	37.2
	0.018
	[86]



	VG_10
	102
	−0.435
	40.87
	0.018
	[86]



	VG_11
	93
	−1.16
	36.12
	0.043
	[86]



	DS_44
	101
	−0.991
	37.12
	0.037
	[85]



	DS_35
	95
	−0.821
	37.94
	0.03
	[85]



	DS_46
	94
	−0.503
	36.46
	0.017
	[85]











© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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