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Abstract

:

The illumination direction and temperature can greatly affect the performance of dye-sensitized solar cells (DSSCs) when practical non-volatile solvents are used with bulky one-electron redox mediators such as cobalt tris(bipyridine). For higher performance, a tandem electrolyte system consisting of cobalt tris(bipyridine) with tris(4-methoxyphenyl)amine was used. Discrepancies in J–V hysteresis were investigated by using photocurrent turn-on transients, open-circuit voltage decay, and electrochemical impedance spectroscopy. The devices perform much better upon illumination form the counter electrode side and exhibit much less hysteresis and more stabilized power output as characterized by maximum power-point tracking (MPP) tracking.
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1. Introduction


Research interest in dye-sensitized solar cells has recently peaked following the introduction of a cobalt tris(bipyridine) redox mediator. Traditionally, iodide/triiodide-based electrolytes have been used in dye-sensitized solar cells (DSSCs) to regenerate the oxidized dye molecules created after photoinduced electron injection as well as to transport the positive charge away from the mesoporous TiO2 electrode to the counter electrode [1,2]. Recent findings demonstrate that higher power conversion efficiencies (PCE) can be achieved in DSSCs with alternative one-electron redox mediators, which have exceeded efficiencies of 14% for cobalt tris(bipyridine) complex mediators [3,4,5]. More recently, it was demonstrated that a tandem redox system, which combines the Co(bpy)32+/3+ redox mediator with a redox intermediate, tris(4-methoxyphenyl)amine (TPAA), can greatly enhance dye regeneration (ns timescale) and boost device performance [6].



However, one major caveat is that all the record efficiencies in DSSC have been obtained using electrolytes based on volatile and toxic acetonitrile solvents (ACN), which provides better performance due to its lower viscosity. To upscale and commercialize, DSSC modules will need to be fabricated with more practical non-volatile and labile electrolytes, such as ionic liquids or 3-methoxypropionitrile (MPN) [7]. Furthermore, several studies have introduced additives into the electrolyte to reduce electrolyte volatility through gelation of the electrolyte [8,9,10]. These greatly improve the thermal stability of the electrolyte [11], albeit at the cost of increasing the viscosity, which substantially contributes to inferior mass transport of the redox mediator. Although such issues have long been present for monolithic iodide redox mediators, this becomes dramatically worse for the bulkier metal complex electrolytes, which tend to have much lower diffusion coefficients as well as lower solubility. Diffusion coefficients for Co(bpy)32+ in MPN and ACN are 2.6 and 8.7 × 10−6 cm2·s−1, respectively, and, in ionic liquids, about one order of magnitude lower than the MPN value [12,13].



Additionally, much of the above work dedicated towards reducing electrolyte volatility has been almost exclusively conducted on iodide-based electrolytes. Unfortunately, there has been relatively little progress towards replacing acetonitrile whilst maintaining high performance. There have been some attempts to reduce the volatility of cobalt-acetonitrile electrolytes through the addition of gelling agents [14,15]. A PCE of 7.37% was obtained for an ionic liquid electrolyte system with a dual redox system consisting of imidazolium functionalized cobalt trisbipyridine complexes and iodide/triiodide [16]. For aqueous cobalt-based electrolytes, a PCE of >5% has been obtained; however, further improvements have been limited by redox mediator solubility and compatible dyes, which can sufficiently facilitate electrolyte infiltration of the mesoporous TiO2 film [17,18,19]. Finally, in lower temperatures, which is a relevant real-world operating condition for DSSCs, the present limitations of mass transport mentioned in the abovementioned works would be further exacerbated. This is problematic, given that the performance of DSSCs can usually be enhanced by heating [14,18], and the majority of the literature does not usually disclose the temperature testing conditions for J–V measurements.



In recent work, we reported on the impact of non-uniform photogeneration in dye-sensitized solar cells with Co(bpy)3 electrolyte [20]. The spatial photogeneration profile of both electrons Co(bpy)33+ species throughout the mesoporous TiO2 electrode is highly dependent on the wavelength and direction of incoming light, which was found to have a marked impact on mass transport limitations.



In this work, we report on the effect of temperature on DSSC with tandem TPAA-cobalt complex-based electrolytes, with a viscous 3-methoxypropionitrile solvent. We demonstrate that, despite clear mass transport limitations, substantially greater device performance can be obtained by illumination from the counter electrode side. Also, the performance of solar cell device is typically determined from a linear voltage sweep measurement and compared as a current-voltage graph. However, inaccuracies can arise from an insufficiently long sampling delay time, which needs to exceed the time constant of the device. This particularly affects DSSCs, which tend to respond much slower to a step-wise change in voltage when compared to typical silicon-based solar cells [21,22,23]. Improper selection of additional parameters, such as the pre-scanning conditions, initial scan voltage and scan direction, can result in discrepancies between subsequent J–V measurements. The so-called J–V “hysteresis” typically compares such differences resulting from different scan directions, such as forward bias scan direction and reverse bias scan direction. In principle, J–V hysteresis can be minimized by lowering the voltage step and increasing the sampling time; however, this can lead to extremely long measurements. In this work, the effect of lower temperatures and illumination direction on subsequent J–V hysteresis and maximum power point stabilization is also examined.




2. Results and Discussion


To assess the performance of DSSCs with cobalt tris(bipyridine)/MPN electrolytes, devices are first characterized using J–V curves in simulated sunlight and under a range of temperatures, see Figure 1. For consistency, all data presented is derived from one DSSC device with typical good performance. The illumination direction has a large effect on the performance for these cells. The conventional direction where light enters the cell at the fluorine-doped tin oxide (FTO) substrate of the dye-sensitized film (substrate-electrode or SE-direction) yielded much lower photocurrents than illumination though the counter electrode (electrolyte-electrode or EE-direction). Higher temperatures led to higher photocurrents but slightly lower open-circuit potentials, which is consistent with faster electron-back recombination. Because the photoinjected electron flux in the electrode is identical under all conditions, the differences in photocurrent can be attributed to recombination losses that are a result of mass transport limitations in the electrolyte. Specifically, if insufficient Co(bpy)33+ reached the counter electrode, not all electrons in the photoanode could be extracted, and recombination of electrons to the electrolyte (through both FTO and mesoporous TiO2) had to occur.



From the slope of the J–V curves near the open-circuit potential, it is apparent that there is a significant series resistance in the solar cell under 1 sun illumination. The series resistance increases with decreasing temperature. As will be shown later, a significant part of this series resistance comes from the diffusion resistance in the electrolyte.



On closer inspection, it can be seen in the J–V curves that there is significant hysteresis under SE-illumination and at low temperatures. This effect reduces with EE-illumination and at higher temperatures. It has been recognized that the sweep direction, scan rate, and sampling rate can affect the measured J–V curve for DSSC due to capacitive charging currents. When a negative potential is applied on the mesoporous TiO2 electrode, it displays a high chemical capacity. In the forward scan this can lead to capacitive charging currents resulting in a net current that is a lower value than the steady-state current; in contrast, the capacitive discharge in the reverse scan can lead to a measured current larger than the steady-state current [20]. In the current case, the selected scan settings excluded that capacitive (dis)charge, which is the reason for the observed hysteresis in the J–V curves. Instead, it must be attributed to effects of the mass transport in the electrolyte. Specifically, the concentration gradient of the redox mediator is not in equilibrium at every point of the J–V curve during the measurement. By performing very slow J–V scans, this hysteresis is avoided; however, this is at the cost of very long measurement times. These observations are consistent with trends in mass transport limitation, as will be discussed later. As a result of hysteresis effects, J–V measurements can either over- or under-estimate the true PCE of the DSSC device.



Maximum power point (MPP) tracking is a more accurate and reliable method for determining PCE. Assuming the cell is not prone to drift, the MPP can be determined in a few seconds. The MPP is found to stabilize rapidly (<1 s) under EE-illumination, irrespective of temperature, see Figure 2. On the other hand, under SE-illumination, the MPP continued to drift even after 20 s. This effect is exacerbated at lower temperatures. The long gradual drift in the photocurrent contributed to J–V hysteresis.



Photocurrent onset transients are recorded to provide more insight on the observed limitations in these DSSCs, as seen in Figure 3. At the relatively low light intensity of 0.1 sun, temperature and illumination direction did not have a significant effect on the recorded photocurrent transients. At the higher intensities (1 and 2 sun), significant spikes are observed: initially, the photocurrent rose rapidly to a high value; it then dropped to stabilize within a second at a significantly lower value. The steady-state photocurrent is much lower for SE than for EE illumination. These effects can be directly attributed to limitations in the mass transport of Co(bpy)33+ to the counter electrode (CE). Directly after the light is switched on, there is sufficient Co(bpy)33+ at the CE; however, its concentration decreased when electrons are collected at the FTO of the working electrode and simultaneous reduction of Co(bpy)33+ at the CE takes place. When the diffusion flux of Co(bpy)33+ to the CE is lower than the flux of electron to the FTO, not all electrons could enter the external circuit and the photocurrent becomes mass transport-limited. Again, it is obvious that EE-illumination conditions allow for much higher current due to a relatively shorter diffusion distance for the Co(bpy)33+. Specifically, under EE-illumination, the average path length for diffusion in the pores of the TiO2 film towards the bulk electrolyte is much shorter.



The electron recombination process is studied using open-circuit voltage (VOC) decay measurements in the dark after prior illumination, as seen in Figure 4. Several trends are evident: the voltage decayed faster at higher temperatures, demonstrating faster kinetics for the electron recombination processes. This implies that recombination is an activated process.



Furthermore, VOC decays for SE-illumination are somewhat faster than for EE. This can be explained by the difference in concentration profiles for electrons and Co(bpy)33+ in the mesoporous electrode for SE- and EE-illumination. The concentration of Co(bpy)33+ is higher near the FTO substrate for SE-illumination. The electron lifetime can be calculated from the derivative of the voltage decay transient [22], as follows:


τn = −(kBT/e)(dVoc/dt)−1,








where τn is the electron lifetime for at a given voltage, kB is the Boltzmann constant, e is the elementary charge, T is the absolute temperature, and dVoc/dt is the derivative of the voltage decay transient. When compared at 0.6 V, the electron lifetimes of EE-illuminated counterparts are over two times longer; calculated in Appendix Figure A1 [24], the activation energies corresponded to 0.32 and 0.26 eV for SE- and EE-illumination, respectively.



Finally, electrochemical impedance spectroscopy (EIS) measurements are performed. Typical Nyquist plots are shown in Figure 5. Three semicircles can be identified: on the left-hand side, at high frequencies, the response of the counter electrode is seen; at medium frequencies, the electron recombination at the mesoporous TiO2 electrode; finally, at low frequencies, the diffusion of the redox mediator. The charge transfer resistance of the counter electrode increases significantly with lower temperatures for both SE- and EE-illumination. The diffusion resistance is 40% lower for EE-illumination than for SE-illumination at all temperatures. This is consistent with improved overall Co(bpy)33+ diffusion to the CE because less Co(bpy)33+ is generated closer to the SE-side. Ideally, a replacement catalyst material should also exhibit low charge transfer resistance at lower temperatures, since commercial DSSC modules would likely be subjected to such conditions.



From the temperature-dependent EIS data, it is possible to calculate activation energies for several processes. At 25 °C, the charge transfer resistance between the Pt-coated FTO counter electrode and the Co(bpy)3 electrolyte is about 30 Ω, decreasing to 13 Ω at 60 °C. The improved catalytic activity of Pt counter electrodes with higher temperature is consistent with past literature findings [23]. Charge transfer is clearly an activated process, and an activation energy of 0.19 eV is determined for both EE- and SE- illumination. This shows that Pt nanoparticles are thus not very good catalysts for the Co(bpy)33+ + e− = Co(bpy)32+ redox reaction at lower temperatures.



The diffusion resistance is given by:


Rdif = RTl/z2F2AcD,








where R is the gas constant, T is the absolute temperature, l is the diffusion path length, z is the number of charges carried by the mediator (1), F is Faraday’s constant, A is the area, c is the concentration, and D is the diffusion coefficient of the mass transport limiting redox species. Further analysis of the diffusion coefficient (ln(D∝ (RdifT)−1)) vs. 1/T) yields the activation energy for diffusion, which is found to be 0.18 eV for both SE and EE data. The lower value of Rdif for SE data reflects the longer effective diffusion path length through the mesoporous TiO2 electrode when Co(bpy)33+ is generated closer to the FTO substrate of the photoanode.



In summary, dye-sensitized solar cells with Co(bpy)3/TPAA/MPN electrolyte gave good performance under illumination from the counter electrode side. To a large extent, this avoids the diffusion problems of the Co(bpy)33+ species inside the pores of the mesoporous TiO2 because it is generated closer to the bulk electrolyte. Furthermore, this contributed to a higher photocurrent, higher photovoltage, and much more stabilized power output.




3. Materials and Methods


All chemicals were purchased from Sigma Aldrich (Stockholm, Sweden) unless otherwise stated. Fluorine-doped SnO2 (FTO) glass substrates (TEC15, Pilkington, St Helens, Merseyside, UK). TiO2 paste (DSL 30NRD, Dyesol, Queanbeyan, Australia); Cobalt(II/III)tris(2,2′-bipyridyl) ([Co(bpy)3]2+/3+) with tetracyanoborate counter ions, tris(4-methoxyphenyl)amine (TPAA), LEG4 dye (3-(6-(4-[bis(2′,4′-dibutyloxybiphenyl-4-yl) amino-]phenyl)-4,4-dihexyl-cyclopenta-[2,1-b:3,4-b’]dithiophene-2-yl)-2-cyanoacrylic acid), all from Dyenamo (Stockholm, Sweden).



3.1. Device Fabrication


The procedure for device fabrication has been described elsewhere [6,20,26,27]. The electrolyte consisted of 0.2 M Co(bpy)3(B(CN)4)2, 0.1 M Co(bpy)3(B(CN)4)3, 0.1 M LiTFSI and 0.2 M 4-tert-butylpyridine (TBP) in 3-methoxypropionitrile (MPN). The TiO2 photoanode thickness was measured using a profilometer (Veeco Dektak 3, Veeco, Munich, Germany) and determined to be approximately 6.5 μm.




3.2. Device Characterization


All measurements were made using white LED (WLED) illumination (BXRC-27G10K0-L-03, Bridgelux, Fremont, CA, USA). The light intensity of the WLEDs was calibrated to produce the same photocurrent, using a certified reference Si Cell (Fraunhofer ISE, Freiburg, Germany), as measured under AM1.5 solar simulator illumination (Newport, CA, USA), to compare equivalent “sun” intensities in terms of the photon flux density. Temperature dependence measurements were carried out by using a water-cooled breadboard (Thorlabs, MöIndal, Sweden) connected to an immersion circulator (Ecoline RE106, Lauda-Brinkmann, Delran, NJ, USA) and included additional fan-cooling.



Maximum power point (MPP) tracking and J–Vs were acquired using a DAQ (NI6211, National Instruments, Stockholm, Sweden). J–Vs were measured with 5 mV step intervals and a sampling rate of 0.1 V·s−1. Electrochemical impedance spectroscopy (EIS) was measured using an Ivium Compactstat (Ivium technologies, Eindhoven, The Netherlands). Photocurrent turn-on transients and open-circuit voltage decay (OCVD) transients were measured using an in-house built system, which also is previously described elsewhere [26,27].








Author Contributions


Conceptualization, R.J.; Data curation, R.J.; Formal analysis, R.J.; Funding acquisition, G.B.; Investigation, R.J.; Methodology, R.J.; Project administration, R.J.; Resources, R.J.; Software, R.J.; Supervision, G.B.; Validation, Roger Jiang and G.B.; Visualization, R.J. and G.B.; Writing—original draft, R.J. and G.B.; Writing—review & editing, R.J. and G.B.




Funding


This research was funded by the Swedish Research Council [grant number 621-2012-4721], the Swedish Foundation for Strategic Research [grant number RMA15-0130], and the STandUp for Energy program.




Conflicts of Interest


The authors declare no conflict of interest.





Appendix




[image: Inorganics 06 00060 g0a1 550] 





Figure A1. Arrhenius plot comparing the inverse of electron lifetime values calculated from OCVD decay transients [24]. SE- and EE-illumination direction compared. 
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Figure 1. J–V curves of a DSSC with Co(bpy)3/TPAA/MPN electrolyte for (a) SE- and (b) EE-illumination. The film thickness is 6.5 μm. 
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Figure 2. Maximum power point tracking of a DSSC with Co(bpy)3/TPAA/MPN electrolyte under (a) SE- and (b) EE-illumination and at different temperatures. 
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Figure 3. Photocurrent onset transients of a DSSC with Co(bpy)3/TPAA/MPN electrolyte for (a) SE- and (b) EE-illumination. 
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Figure 4. Open-circuit voltage decay of a DSSC with Co(bpy)3/TPAA/MPN electrolyte in the dark after an illumination period of 10 s at 1 sun, comparing (a) SE- and (b) EE- illumination. 
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Figure 5. Impedance spectra of a DSSC with Co(bpy)3/TPAA/MPN electrolyte at open circuit potential under 1 sun illumination for (a) SE- and (b) EE- illumination. 
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