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Abstract

:

Dyes D35 and XY1 for solar cells have been investigated theoretically with the quantum chemistry method and visualized 3D cube representation. Some important information (such as absorption spectra, molecular orbitals, reorganization energy, chemical reactivity, driving force of electron injection, light-harvesting efficiency, as well as the dipole moment, etc.) has been studied to explain the efficiency of dyes, and the visualized intramolecular and intermolecular charge transfer process and fast dynamic process of the interface electron transfer have been studied to estimate the strength of electron transfer in cosensitization. Calculated results indicated that the improved absorption spectra range, fast electron injection, and the larger dipole moment significantly promote the cosensitized solar cell efficiency in comparison with isolated Dye-Sensitized Solar Cells (DSSCs).
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1. Introduction


Organic solar cells have become one of the substitutes for traditional silicon solar cells owing to its merits (clean, environmentally friendly, no pollution, etc.) [1]. As an important photodevice, Dye-Sensitized Solar Cells (DSSCs) display many advantages and have been paid considerable attention [2,3], and their working processes can be briefly described as below [4]. During absorption of sunlight, sensitive dye is excited, forming an excited state, and electrons are subsequently shifted into TiO2. This process is designated as the electron injection process. Subsequently, electrons reach the external circuit and generate an electric current. Dyes with a loss of electrons can be recovered from electrolytes. In these working cycles, one important process is the efficiency of strong molecular absorption and efficient charge separation [4].



The electronic transition with strong absorption results in more electrons and hole accumulation in TiO2 nanoparticles and dyes, respectively, which corresponds to a Charge Transfer (CT) state. This means that a CT excited state with strong absorption is a photoinduced CT complex [5]. A weak absorption was also found in intermolecular CT for donor–acceptor dyad, and intramolecular CT leads to strong absorption in the dye with a donor–π–acceptor structure. After photoexcitation, the excitons on the molecule are usually dissociated to electron–hole pairs, intramolecular CT occurs, and the electrons are shifted from molecule to TiO2 nanoparticles. Apart from CT, a matching of absorption spectra is hoped for full utility of sunlight. Because it is difficult for a single dye to cover the ultraviolet and near-infrared region, cosensitization provides a way with a variety of complementary dyes in order to broaden the absorption spectra range and strength [6,7,8,9,10,11]. A series of porphyrin dyes (XW1–XW4) cosensitized with Dye C1, in which highest cell efficiency has reached 10.45% [11], and the absorption band from dye C1 makes up for poor absorption in 500 nm for porphyrin dye. Zhu et al. used the coabsorption/cosensitization based on a phenothiazine-based electron donor to improve conversion for nonruthenium solar cells (reported to be 11.5%) [6]. PTZ-2 and N719 in phenothiazine-based cosensitization possess efficiency of 8.12% compared with PTZ–2 (5.81%) and N719 (6.97%) [7]. The cosensitization (D35 and XY1) displays a higher VOC and improves conversion efficiency [12]. As an auxiliary means for experiment, quantum chemistry methods were universally used to deal with the structure, spectra, and excited state properties of multibranched dyes [13,14], metal-free dyes with multidonor moiety [15], natural dyes [16,17], and metal-containing dyes [18,19,20].



In this work, we performed a quantum chemistry calculation to research the geometries, spectra, CT processes, and photoelectric properties for the DS-35, XY1, and cosensitization systems. Important characteristics for intramolecular CT in a single dye attached to TiO2 were estimated, which were compared with intermolecular CT for cosensitization systems between DS-35 and XY1, owing to the fact that there is competition for CT and charge loss. Furthermore, photoelectric properties of single dyes and cosensitization systems were studied to reveal the different performance in solar cells. The current investigation provides a clue for understanding the micromechanism and deduces the possible reason why a cosensitization system has good efficiency in the field of solar cells.




2. Calculated Methods


Current work was calculated with the Gaussian software 09 [21]. For D35 and XY1 geometric optimizations (see Figure 1), we used density functional theory (DFT) [22], B3LYP [23,24,25], and 6–31 (d) basis set. Absorption spectra and fluorescence were done with time-dependent DFT (TD-DFT) theory [26] using the Cam-b3lyp functional [27], 6–31 (d) basis set. The solvent effect (solvent = acetonitrile) with the CPCM model was included in calculation [28]. The ground state geometry of dyes attached to TiO2 clusters was optimized with the same functional, and 6–31 (d) basis set for N, S, C, H, O, and LANL2DZ functional [29] for Ti. Electronic transitions of Dye/TiO2 were calculated with TD-DFT//Cam-B3LYP and the same setup of basis set as the optimization. The dimer of D35 and XY1 was optimized with the DFT//B3LYP/6–31 (d), the absorption spectra were calculated with TD-DFT//Cam-B3LYP/6-31 (d), and the intermolecular CT was estimated from Marcus theory [30]. The electron injection from dye to semiconductor was calculated with the Newns–Anderson model [31,32]. A 3D cube representation of photon-induced charge using different density was performed to investigate the electronic density change in the smaller molecular solar cell [33].




3. Results and Discussion


3.1. Structure


Figure 1 shows the optimized molecular structures of dyes XY1 and D35; here, dye XY1 containing the bulky donor, CPDT (cyclopentadithiophene) conjugated bridge introduced with a benzene ring, accessory receptor BTZ, and the expanded range of donor and acceptor can cause higher absorption spectra characteristics. For the arylamine-based dye D35, it possesses a donor–bridge–acceptor structure that is different from the XY1 structure, and the higher (open-circuit photovoltage) VOC has been obtained with the inhibition of electron reception from TiO2. The structure of donor–bridge–acceptor is a usual structure and has been proven to be beneficial to enhancing electron injection and recovery of excited dye. It is hoped that the spectra and energy levels can be satisfactory, matching the coupling of the two kinds of dyes in designing solar cells.



As shown in Figure 1, the two isolated dyes in acetonitrile solvent display special dihedral angles of 1.09° and 22.35° degree for D35 and XY1 between the thiophene and benzene and hydroxy acrylic acid. Compared with the XY1, D35 tends for the coplanar structure, and electrons are easily moved from donor to acceptor through the conjugated bridge, and further injected into TiO2. At the same time, D35 exhibits a well-conjugated degree in the middle region of molecular structure (i.e., dihedral angles are 16.53 for D35 and 34.66 for XY1, respectively). It is worth noting that the twisted angles among donor units for XY1 are larger than those of D35 that can reduce the dyes’ aggregation due to the repellent interaction.




3.2. Energy Levels


Figure 2 shows the Highest Occupied Molecular Orbital (HOMO) and Lowest Unoccupied Molecular Orbital (LUMO) levels for two dyes, and Table S1 lists the energy data and energy gap. From Figure 2, it was found that the energy level of the TiO2 semiconductor (4.0 eV) is much less than the energy level of the LUMO dyes, which is beneficial to the electronic injection (excited dye → TiO2). Comparing the LUMO of the two dyes, it was found that D35 is higher than that of XY1, meaning that CT could take place from LUMO of D35 to XY1, producing intermolecular CT. Furthermore, the higher HOMO energy level for XY1 can minimize energy gap (D35 and XY are 2.28 and 1.98 eV, respectively), leading to the red-shifted absorption peak. The smaller band of cosensitized system should reflect the tendency of broadened absorption spectra, which will compensate for the inadequacies of isolated dye absorption. The improvement in spectra for cosensitization will enhance the solar utilization affecting the overall efficiency. For cosensitized systems (D35 + XY1), the energy gap is close to that of the XY1 due to the near HOMO energy level with XY1 that can be chalked up to the contribution of XY1 for cosensitized HOMO (see Table S1). As a whole, energy levels of XY1, D35, and XY1 and D35 have good matching with the semiconductor band.



Upon dye adsorption on TiO2, the energy level will be changed, as shown in Figure 2. Adsorption energy (   E  a d s    ) was calculated by the strong interaction energy of dye–TiO2   (  E  d y e + T i O 2   )   and the isolated dye   (  E  d y e   )   and TiO2   (  E  T i O 2   )  ; that is to say,    E  a d s   =  E  d y e + T i O 2   − (  E  d y e   +  E  T i O 2   )  , and XY1 (−4.04) < D35 (−4.03), which are almost the same negative values, displaying the stable configuration. The HOMO level of D35 and D35–TiO2 is −5.03 eV and −4.97 eV, respectively, with very little change. LUMO (−2.81 eV) for D35–TiO2 is lower than that of isolated dye D35 (−2.75). Similar trends were found in XY1 and XY1–TiO2. Given that HOMO levels are closely related to donors and LUMO levels mainly affected by receptors, dye adsorption in semiconductor will result in strong electron coupling and cause the lower LUMO. In addition, energy gap is decreased compared to the isolated dye; however, the decreased value of energy gap is at the same level.




3.3. Absorption Spectra


Based on the optimized molecular structures, we used the TD-DFT method to study the absorption spectra for dyes D35, D35-TiO2, XY1, XY1–TiO2, and cosensitized molecular system. Figure 3 shows that Dye D35 has a wide absorption range in the visible region with two prominent peaks, in which the strongest absorption peak is found in 453 nm that also contributed to HOMO–LUMO transition (see Table S2), and this state has a larger oscillator strength (f = 1.36). Because the HOMO electron cloud is concentrated on the whole molecular skeleton and LUMO resides in the bridge and acceptor units (see electron density distribution in Figure S1), the first excited state will result in efficient intramolecular CT.



Figure 4 shows the Charge Different Density (CDD) for calculated excited states. For the S1 state, red electron is moved in a direction of the acceptor; the green hole resides in the donor unit, resulting in the electron transfer from donor to acceptor. For another excited state (S2) of D35, electron transition is composed of HOMO → LUMO + 2, having a weight of 74%, which state is also an intramolecular CT from the triarylamine unit to cyanoacrylic acid. The above states exhibit a strong push–pull behavior characteristic. States S4 and S5 are also ICT states with the same characteristics as S1. Located excited state is found to be the S3 state that is an excitation of donor and bridge.



XY1 has a wide range of spectral response and strong absorption intensity at 529 nm, which come mainly from electronic transition (HOMO → LUMO). Stronger absorption can make up for the deficiency of D35 in the range above 500. From absorption spectra in Figure 3, red-shifted movement for the first peak for dye–TiO2 occurs compared with the isolated molecules, which can be attributed to the change of energy gap; moreover, the molar extinction coefficient has been improved to enhance the photoabsorption efficiency. For cosensitized molecular systems, XY1 and D35 have two absorption bands, and the first absorption is found at 530 that are close to the value of XY1 (see Table S2). There exists an influence of local electric field caused by the solar cell electrode, and some characteristics (such as absorption, dipole moment, and polarizability) should be changed by the local electric field (three fields (10, 20, 30) × 10−4 a.u.). Under an electric field condition of 10 × 10−4 a.u., absorption peak of XY1 and D35 has changed about 6 nm compared with the nonelectric field (see Table S3), and oscillator is reduced about 0.2; As the electric fields (20 × 10−4 a.u. and 30 × 10−4 a.u.) increase, the absorption spectra make obviously red-shifted, i.e., the maximum absorption wavelength is 563.65 nm (f = 1.5047) and 611.14 nm (f = 1.3827), respectively. Therefore, the change of the local electric field should result in a red-shifted absorption, following the reduced oscillator strengths.




3.4. Chemical Reactivity Parameters and Reorganization Energy


The Ionization Potential (IP) and the Electron Affinity (EA) were studied to explore the ability of organic solar cells to transport the holes and electrons [34]. Calculated values of IP and EA were listed in Table 1, which show that the XY1 has a smaller value of IP than that of D35; EA for D35 and XY1 are 3.042 and 3.068 eV, respectively, and estimation of EA and IP shows that there is improvement of charge transport for the XY1 structure in comparison with D35 structure. The chemical hardness (h), electrophilicity (ω), and electroaccepting power (ω+) are important parameters that have influence on the efficiency of photoelectric conversion (see Table 1). It is obvious that the h of D35 and XY1 are 0.804 and 0.774 eV, respectively. The ω+ of D35 and XY1 are 7.380 eV and 7.715 eV, respectively. The D–A–π–A model XY1 possesses lower h and higher ω+ compared with D35, meaning a lower resistance to ICT and higher ability to receive charge. The ω reflects the stability of the dye system, and the calculated ω of D35 and XY1 are 9.203 and 9.539 eV, respectively, and that exhibits the same trend as the value of ω+.




3.5. Intramolecular and Intermolecular Charge Transfer (CT)


Photoinduced CT and separation are important processes for generating currents in the external circuit. The possible CT channels include the CT process between the dye and semiconductor, and for cosensitization systems international CT should be considered due to the electron transfer occurrence caused by the energy level discrepancy. 3D cube representation of CDD indicated that the first excited state of D35–TiO2 is an ICT state, where the red electron was moved to the acceptor and surface of semiconductor, and the hole resided in the donor unit. Dynamic electron injection time can be estimated by the Newns–Anderson model [31,32], which was defined as:


   τ  i n j   ( f s ) =   658   Δ ( M e V )    



(1)






  Δ =   ∑   p i      |   ε i  −  E  L U M O   ( a d s )  |     



(2)




where  Δ  and    p i    stand for the energetic broadening and adsorbate portion of every molecular orbital, respectively;    ε i    is orbital energy. When excited electrons were injected into the titanium dioxide, electron injection driving forces for D35 and XY1 are −1.71 eV and −1.54 eV (see Table S4); at the same time, the fast electron injection (fs) was calculated to be 9.51 fs (D35) and 9.12 fs (XY1), and the results indicated that fast electron injection is more likely to occur in the D35 system. It is hoped that the fast electron injection process is better than an intermolecular CT process during the intramolecular and intermolecular CT (D35 and XY1).



It is worthwhile to note that the orbital energy difference should result in the international CT, which can be estimated with CDD and Marcus theory [30,33]. From Figure 4, CDD revealed that all the electrons are localized on XY1 dye, and all the holes are situated on D35; the charge distribution on electronic transition corresponding to the S5 excited state that ICT state, where electrons transfer from D35 to unit XY1. The CT and recombination were calculated with the Marcus theory [30].


  k =     4  π 3     h 2  λ  k B  T        |   V  D A    |   2  exp  (  −     ( Δ  G  C T   + λ )  2    4 λ  k B  T    )   



(3)




where KB is the Boltzmann constant, h is Planck’s constant, T is the temperature (T = 300 K),  λ  is the reorganization energy; and electronic coupling VDA for CT is calculated with Generalized Mulliken–Hush (GMH) [35], which is calculated to be 135.5 cm−1;   Δ G   is the free energy change for CT process;   Δ  G  C T   = − Δ  G  C R   − Δ  E  0 − 0    , where the    E  0 − 0     lowest excitation energy of donor (see Table S2), and   Δ  G  C T   = − 0.54   eV. Calculated CT rate is 4.895 × 1012 s−1, which is smaller than the electron injection rate in the framework of fs. For the cosensitization system, comparison between the electron injection from molecule to TiO2 and intermolecular CT (D35 and XY1) demonstrated that fast electron injection could decrease the loss of intermolecular CT.



In terms of the lifetime (t), a longer lifetime is hoped for keeping a stable state in the cationic state. According to the relationship: t = 1.499/(f E2), calculated lifetime (t) is listed in Table S4, which shows this order of D35 (2.27 ns) > XY1(1.92 ns). From the above results, it found that t for D35 is longer than that of XY1, meaning that improvement of CT will enhance the Jsc. (short-circuit photocurrent) Furthermore, there is close excitation energy and smaller oscillator for cosensitization D35/XY1, and the lifetime for cosensitization system is longer than that of XY1.




3.6. Factors Influencing JSC and Voc


For the short-circuit photocurrent (   J  S C    ) parameter, it is defined as [36]:


   J  S C   =    ∫ λ   L H E ( λ )  ϕ  i n j e c t    η  c o l l e c t   d λ     



(4)




where   L H E ( λ )   is the light harvesting efficiency at a given wavelength, and    ϕ  i n j e c t     is the electron injection efficiency.    η  c o l l e c t     denotes the charge collection efficiency relative to photoanode properties, and thus it can be viewed as a constant.   L H E ( λ )   is expressed as:


  L H E = 1 −   10   − f    



(5)




where f represents the oscillator strength of dye molecules corresponding to wavelength    λ  max    . From Table S2, the value of oscillator is in this order of XY1 > XY1 and D35 > D35, resulting in the LEH trend of XY1 > XY1 and D35 > D35. Furthermore, driving force can be estimated from the process of electron injection, and calculated value of driving force is in this order of D35 > XY1 and D35 > XY1, which means that electron injection takes place easily for the cosensitization compared with XY1.



The improved LEH and electron transfer should be the reason for improving the Jsc in the cosensitization system. Furthermore,    V  O C     can be closed to the conduction band edge of the semiconductor substrate (   E  C B    ), and   Δ  E  C B     is the shift of    E  C B     under adsorption [15,17,37]


  Δ  E  C B   = −   q  μ  n o r m a l   γ    ε 0  ε    



(6)




In this expression, dipole moment of    μ  n o r m a l     is perpendicular to the surface of a semiconductor, and  γ  denotes the surface concentration of dyes.    ε 0    and    ε 0    represent the vacuum permittivity and the dielectric permittivity, respectively. It is obvious that    μ  n o r m a l     is the key factor in determining    V  O C    , and the calculated results is in this order of XY/D35 (27.3679D) > XY1 (−17.1053D) > D35 (13.9281D), meaning that the larger    μ  n o r m a l     results in the larger VOC in cosensitization system.





4. Conclusions


CT and photoelectric characteristics of a cosensitization solar cell have been investigated theoretically with the aid of DFT in combination with the visualized methods. Intramolecular and intermolecular CT processes can be estimated from the Newns–Anderson model and Marcus theory. It was found that: energy levels of XY1, D35, and XY1 and D35 have good matching with a semiconductor band, which is in favor of electron injection; absorption spectra of XY1 and D35 have a wide absorption range in the visible region with two prominent peaks, enhancing photoabsorption efficiency; 3D cube representation shows that the S1 state for the isolated dye (XY1 or D35) is intramolecular CT, where red electron was moved from dyes into the semiconductor on the scale of fs. The injection time and driving force demonstrated that D35 takes place in electron injection easily; comparing with intramolecular CT, intermolecular CT demonstrated that the fast electron injection can decrease the loss of intermolecular CT. The improved absorption ability, electron transfer, and dipole moment for the cosensitization system should improve photoelectric efficiency.
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Figure 1. Chemical and optimized structures for D35 and XY1, respectively. 
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Figure 2. Energy levels of the isolated dye in acetonitrile and its adsorption spectrum on TiO2 as well as cosensitized molecular system. 
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Figure 3. Simulated spectra for the dye in acetonitrile solvent, adsorption on TiO2 and cosensitization. 
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Figure 4. Intramolecular and intermolecular CT (charge transfer) for the dye/TiO2 and the cosensitized systems. 
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Table 1. Chemical reactivity (in eV) of D35 and XY1 in acetonitrile solution; IP (Ionization Potential); EA (the Electron Affinity).
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	Dye
	IP
	EA
	h
	   ω   
	   ω   −
	   ω   +





	D35
	4.649
	3.042
	0.804
	9.203
	11.226
	7.380



	XY1
	4.615
	3.068
	0.774
	9.539
	11.557
	7.715
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