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Abstract

In this paper, the photovoltaic efficiencies obtained via the electronic property study of corroles and phthalocyanines (Pcs)
with metal and hydrogen atom centers by means of density functional theory (DFT, using hybrid functionals) are
presented. The investigation aimed at showing the possible advantages of coordinated metal corroles over that of
phthalocyanines as redox active complexes for dye-sensitized solar cell (DSSC) application. This was with a view to
finding a solution to the Nigerian electricity crisis. The energy gap (8p) between the lowest unoccupied molecular orbital
(LUMO) and TiO2 conduction band (CB), and their relative positions to each other revealed that most of the complexes
are essentially not suitable for DSSC application. The computed 8p values for the corroles (-12.4 — 7.10 eV) and the Pcs (-
5.71 — 7.92 eV) were found to be significantly higher than the recommended value (~0.40 eV), except for molecule C10
(0.9 eV) whose value appears to be the closest to 0.4 eV. It was also observed that a considerable number of the dye
LUMOs showed non-alignment to the TiO2 CB edge. Based on this finding, we conclude that most of the studied
complexes are structurally deficient to meet the minimum specifications to be applicable as DSSC sensitizers. However,
some of the corrole (C10) and Pc (P3 and P4) molecules produced a considerably high IPCE values (in the order of 10?).
The photovoltaic performance of these set of molecules could be further improved through structural modification and
extension of their z-conjugation.
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Introduction

According to the data obtained from World Bank, only 55.4% of Nigerians have access to
electricity as at 2019 (The World Bank Group, 2021, para 1). In the coming years, the
world may face a major challenge of global rise in energy demand as the latest release of
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International Energy Outlook 2017 of U.S., Energy Information Administration, has
projected that the world energy consumption will increase by 28% between 2015 and 2040
(The International Energy Agency, 2017, para 5). This implies that Nigeria, as well as other
developing countries, will need to find sustainable and affordable ways to meet their
growing energy needs to improve their living standards. The rapid depletion of fossil fuel
reserves as well as dreadful environmental impacts that accompany their combustion has
demanded for the provision of clean and renewable energy sources (Carella et al., 2018).
One of the promising alternatives is the use of dye-sensitized solar cells (DSSCs), which
are low-cost, easy-to-fabricate, and environmentally friendly devices that can convert solar
energy into electricity (Carella et al., 2018). The theoretically predicted efficiency of
DSSCs was approximately 20% (Snaith, 2010; Frank et al., 2004), however, several reports
have shown that higher efficiency can be achieved by fine-tuning the properties of the
components of the DSSC (Carella et al., 2018). In DSSCs, the efficiency of one component
is dependent on the performance of another, hence, the development of only one component
Is not always sufficient to improve the overall efficiency of the entire DSSC (Raffaelle,
2006). Also notably, the overall DSSC performance can be limited by the electron transport
in the nanocrystal boundaries of dye/TiO. nanoparticles, and the electron recombination
with the oxidized dye molecule during the electron injection process (Andrews et al.,
2004). As such, DSSC performance depends largely on the choice of the dye.

The use of corrole- and phthalocyanine-based dyes have attracted considerable attention
due to their excellent optical and electronic properties (Aviv-Harel and Gross, 2009; Urbani
et al., 2019). They are both analogues of porphyrin, which has demonstrated a remarkably
high PCE value ~13% and above as a photosensitizer for DSSC (Mathew et al., 2014).
However, despite their structural similarity, coordinated metal corroles often show higher
and variable oxidation states than the corresponding metal phthalocyanine complexes
(Pierloot et al., 2010). This is an interesting feature for photoelectrochemical processes
involved in the operations of DSSCs. In addition, corroles have recently been shown to
possess remarkable thermal stability to a temperature as high as 200°C (Sudhakar et al.,
2015). These distinctive properties put corroles as a valuable organic material for
application as photosensitizers in DSSCs. The maximum power conversion efficiency
(PCE) that has been reported for a corrole-based DSSC is 4.2% (Higashino et al., 2020), a
rather too low efficiency value relative to that of porphyrin (Mathew et al., 2014).

Pc-based DSSCs have shown marked increase in efficiency over the years, resulting in an
approximate PCE of 6% (Urbani et al., 2019). They have distinct absorption properties with
two prominent bands, B- and Q-bands, in the UV-Vis and the near-IR regions, respectively
(Gorduk, 2019; Gorduk and Altindal, 2019). This unique absorption patterns of Pcs make
them highly suitable for DSSC application (Hamann et al., 2008). This study, therefore,
investigates the performance of ten corroles (Figure 1) and nine Pcs (Figure 2) as potential
sensitizers for DSSC application.

The selected metals, Mn, Zn, Fe, Cu and Ni have been widely employed by other
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researchers before (Tung et al., 2019; Karaca et al., 2018; Ali et al., 2016; Aviv and Gross,
2007; Brennan et al., 2015; Sanusi et al., 2020; Polat et al., 2018; Srikanth et al., 2015; Zhu
and Liang, 2015). However, in this study, they were chosen to bring into play their role as
redox active agents, with the hope of improving the electron transfer property of the metal-
organic complexes, an important property for efficient electron transport in DSSC
operation.

Cl:M=Mn,C2: M= Zn,C3: M= Cu,C4: M= Fe,C5: M= Hs

C6:M=2Zn,C7: M= Mn,C8: M= Cu,C9: M= Fe,C10: M= Hs

Figure 1: Molecular structures of the investigated corroles, (A) meso-tris(phenyl)-o-tetra-
carboxybenzocorrole, (B) meso-tris(pentafluorobenzo)octafluorocorrole.
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Figure 2: Molecular structures of the investigated a- (P1-P4, P7-P9) and B- (P5 & P6)
substituted phthalocyanines Density Functional Theory (DFT) geometry optimizations
were performed with Gaussian.

Computational Details
16 program suite (Gaussian 16, Revision C.01, 2016), using 6-31g(d) basis set for
molecules containing only hydrogen and non-metal atoms. Convergent calculations were
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obtained for corroles with non-zero overall charges (g = 0) after adding a diffused function
to 6-31g(d) basis set (Table 1). Similarly for the Pcs, a diffused and p polarization functions
were added to 6-31g(d) to obtain convergent calculations for molecules with g == 0 (Table
1). Effective core potentials (ECPs), LANL2DZ, were incorporated into the basis set for
both corrole and phthalocyanine metal complexes. For all the macrocycles, the optimized
geometry was found and confirmed by frequency analyses to correspond to the minimum
energy on the potential energy surface (PES). Vibrational and time-dependent (TD)
electronic DFT calculations were carried out using the same basis set described above for
each category of the macrocycles. The TDDFT calculations were performed for N = 60
electronic states. All calculations were performed in vacuum using the hybrid B3LYP
functional (Lee et al., 1988; Becke, 1992a; 1992b; Becke, 1993). The results of the
electronic calculations were analyzed and used to estimate the potential energy gap (dp) and
the incident photon conversion efficiencies (IPCEs) of the macrocycles to predict their
photovoltaic performance in accordance with literature procedure (Sanusi et al., 2019;
Sanusi et al., 2020; Sanusi et al., 2023).

Table 1: Basis Sets Used for Optimization and Frequency Calculations, and the Overall
Charges of the Studied Molecules.

Molecule  Geometry Optimization Vibrational Frequency Net charge
C1 6-31+g(d)/LANL2DZ 6-31+g(d)/LANL2DZ +4
C2 6-31+g(d)/LANL2DZ 6-31+g(d)/LANL2DZ -1
C3 6-31+g(d)/LANL2DZ 6-31+g(d)/LANL2DZ -2
C4 6-31+g(d)/LANL2DZ 6-31+g(d)/LANL2DZ -1
C5 6-31g(d) 6-31g(d) 0
C6 6-31+g(d)/LANL2DZ 6-31+g(d)/LANL2DZ -1
C7 6-31+g(d)/LANL2DZ 6-31+g(d)/LANL2DZ +4
C8 6-31+g(d)/LANL2DZ 6-31+g(d)/LANL2DZ -2
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C9 6-31g(d)+/LANL2DZ 6-31+g(d)/LANL2DZ -1
C10 6-31g(d) 6-31g(d) 0
P1 6-31+g(d,p)/LANL2DZ 6-31+g(d,p)/LANL2DZ -4
P2 6-31+g(d,p)/LANL2DZ 6-31+g(d,p)/LANL2DZ -4
P3 6-31g(d)/LANL2DZ 6-31g(d)/LANL2DZ 0
P4 6-31g(d)/LANL2DZ 6-31g(d)/LANL2DZ 0
P5 6-31g(d)/LANL2DZ 6-31g(d)/LANL2DZ 0
P6 6-31g(d)/LANL2DZ 6-31g(d)/LANL2DZ 0
P7 6-31+g(d,p)/LANL2DZ 6-31+g(d,p)/LANL2DZ +4
P8 6-31+g(d,p)/LANL2DZ 6-31+9(d,p)/LANL2DZ +4
P9 6-31+g(d,p)/LANL2DZ 6-31+9(d,p)/LANL2DZ +4

Results and Discussions

Electronic Property

Figures 3 and 4 are the computed electronic absorption and emission spectra of the
investigated corroles and phthalocyanines, respectively. The absorption bands were
expressed as vertical excitation peaks. The spectroscopic properties of the studied corroles
and Pcs are similar to those obtained experimentally. For instance, the UV-Vis spectrum of
compound C6 showed an intense Soret band around 414 nm and a weaker Q-band around
550 nm, which is similar to the experimentally obtained UV-Vis spectrum for
tetrabenzocorroles (Pomarico et al., 2013; Pomarico et al., 2011). This similarity was also
observed between the experimentally and theoretically obtained spectroscopic properties of
the studied phthalocyanines. For instance, P3 has a broad B band around 340 nm and an
intense Q band between 620 nm range which is a familiar spectral property of a typical
phthalocyanine (Gorduk, 2019; Gorduk and Altindal, 2019). The emission spectra exhibit
the expected emission redshift relative to the corresponding absorption spectra (Lakowicz,
2006; Noomnarm and Clegg 2009). The absorption and emission energies of the studied
dyes fall within the spectral range of 350 — 800 nm, as required for DSSC application
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(Carella et al., 2018).
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Figure 3: Computed electronic absorption (vertical bar) and emission (red line) spectra of
the investigated corroles.
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Figure 4: Computed electronic absorption (vertical bar) and emission (red line) spectra of
the investigated phthalocyanines.

The energies of the dyes' highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) are critical basis for evaluating their photostability
and electron injection efficiency (¢r) (Sanusi et al., 2019). The wider the HOMO-LUMO
gap, the higher the energy of the incident photon required to excite electrons from the
ground state (HOMO) to the excited LUMO state. Thus, a good dye sensitizer is expected
to have an appreciably small HOMO-LUMO gap (Bourouina et al., 2017). The small
energy gaps enhance electron excitation and lead to an increased photon absorption
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(Mustafa et al., 2023), facilitating higher efficiency and a greater short-circuit current
density.

Photophysicochemical and photovoltaic Properties

The photophysicochemical and photovoltaic properties of the studied dyes presented in
Table 2 were determined following the literature procedure (Sanusi et al., 2019; Sanusi et
al., 2023). Another factor that influences the photocurrent density in DSSCs and determines
the rate of electron injection is the potential energy gap (8p) between the dye's LUMO and
the conduction band (CB) edge of the semiconductor (Olguin et al., 2014). An efficient
sensitizer must have its LUMO situated above the CB edge of the semiconductor. This
would yield a positive dp value and signify that electron injection is thermodynamically
favorable (i.e., a -ve AGinj is obtained) (De Angelis et al., 2008). TiO, CB edge value
obtained by experiment (-4.21 eV) was used to estimate &, values of the studied sensitizers
(Xu and Schoonen, 2000). Except for compounds C1, C7, and P7 — P9, dp values were
found to be positive for the studied corroles and Pcs (Table 2). The electron injection
processes in these dyes are therefore expected to be spontaneous. Mn-based corroles (C1
and C7) were found to produce negative &, values, indicating that their LUMO is below the
TiO2 CB edge (Figure 6) and their electron injection would be thermodynamically
unfavorable. The ideal 5, value for efficient electron injection is ~0.40 eV (De Angelis et
al., 2008). It is expected that the dyes’ dp is at least £0.5 near this recommended value to be
suitable as sensitizers. The &p values obtained for the corroles and Pcs ranged between -12.4
—7.10eV and -5.71 — 7.92 eV, respectively (Table 2).

Compounds C1, C7 and P7 — P9 given by the negative values of their 3, were predicted to
show misalignment with the TiO> CB edge, implying that electron injection from their
HOMO to the semiconductor CB edge would be thermodynamically unfavorable as
revealed by their AGinj values (Table 2).

They are the only set of the studied molecules with positive AGinj. It should however be
noted that those with positive o, showed significantly higher values than the optimum (0.4
eV), implying that the right amount of energy for efficient electron injection would not be
available even though the transition from HOMO to the TiO, CB edge would be
thermodynamically favored. The rate of the transition would be slow, resulting in an
inefficient electron injection. The consequence of this would be a decrease in the
photocurrent density. The metal-free corroles (C5 and C10) and Pcs (P1, P4, P6, and P7)
were observed to possess smaller &p values relative to their metal-centered derivatives,
which showed that the metal-free dyes have higher electron injection rate than their metal-
centered analogues due to a possible spin-orbit coupling in the metal complexes (Sanusi et
al., 2014). The Pc molecules with relatively smaller 5, are P3, P4, P5 and P6. While P4 and
P6 are metal-free Pcs, P3 and P5 have Zn as their central metal. It was observed that the
other Pcs, P1, P2, P8 and P9, including a metal-free P7 have &, values that are unsuitable
for DSSC application. Notably, these molecules are charged, and the charges appeared to

be the common factor responsible for the extremely high or the negative 6, values. The

relative positions of the studied molecules with the TiO, CB edge have been depicted in
Figures 5 and 6.
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Table 2: Computed Photophysicochemical and Photovoltaic Properties of the Studied
Corroles and Phthalocyanines

LUMO-

DYE :aop'\(g\% pEV) | Ginj | ® (ns) by LHE x 107 o 10 IPCE
C1 118 -10.4 10.0 40.2 0.30 2.0 0.63 4.32 x 10
c2 2.25 4.40 -408 | 398 0.08 16.0 3.49 454 x 1013
C3 1.05 6.80 740 | 405 0.01 11.0 1.46 2.02 x 1012
c4 1.65 3.90 -416 | 402 0.10 12.0 4.47 5.42 x 1013
C5 2.36 1.70 128 | 117 | 3.37x10% 14.0 236 1.14 x 104
C6 2.56 4.10 -381 | 145 | 9.04x10% 10.0 3.92 3.76 x 10
c7 0.55 -12.4 11.4 113 0.11 8.0 0.43 4.15x 10%
c8 1.05 7.10 759 | 403 0.83 7.0 1.33 8.27 x 1013
C9 2.83 3.90 344 | 407 0.06 9.0 4.27 2.38x 1012
C10 259 0.90 058 | 401 0.05 120 87,5 5.29 x 1012
P1 2.08 780 | -7.689 | 503 |223x10°% 11.9 117 3.09 x 107
P2 2.16 792 | -7.774 | 402 | 9.94x10% 6.80 1.10 7.41 x 10716
P3 2.14 148 | -1.379 | 409 | 9.90x10? 132 33.17 4.32 x 102
P4 2.13 145 | -1.348 | 367 | 7.76x10? 14.0 35.75 3.90 x 102
P5 211 181 | -1.690 | 239 | 2.96x10? 125 20.49 7.57 x 1013
P6 2.08 175 | -1657 | 17.2 | 9.04x 103 134 22.44 2.72x 1013
P7 2.13 571 | 5.828 | 318 | 2.51x10? 175 1.95 8.55 x 104
P8 2.16 564 | 5767 | 228 | 9.60x10°% 17.0 1.96 3.20 x 104

2.13 -5.14 5.269 224 | 2.60 x 10 19.6 2.63 1.35x 1016

P9
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Figure 5: Computed orbital energy diagram of the corroles. The red and green lines at
molecules C5 and C10 are the LUMO and HOMO levels, respectively. Other LUMOs and
HOMOs were not indicated because their values have no relevant practical interpretation.
The dashed red line indicates the relative positions of the molecules’ LUMO to that of the
TiO2 CB edge.
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Figure 6: Computed orbital energy diagram of the phthalocyanines. The red and green lines
at molecules P3 — P6 are the LUMO and HOMO levels, respectively. Other LUMOs and
HOMOs were not indicated because their values have no relevant practical interpretation.
The dashed red line indicates the relative positions of the molecules’ LUMO to that of the
TiO2 CB edge.

The substituents and the metal centers in these molecules are evidently unsuitable to
achieve the desired sensitization for solar cell application.

Light harvesting efficiency (LHE) measures the fraction of light intensity that is absorbed
by the dye at a certain spectral range. The spectral range of interest in this study depends on
the mean oscillator strength (4 obtained for the molecules at maximum absorption
wavelength (Amax) in the ultraviolet to the near IR region (Li et al., 2010). Table 2 shows
the estimated LHE values obtained for each of the studied molecules.

On the other hand, it was observed that metal-free phthalocyanine P1, P4, P6, and P7 which
are derivatives of P2, P3, P5, and P8, respectively, have higher LHE values relative to their
metal-centered counterparts (Table 2). This suggests that these dyes possess a greater
capacity for absorbing light within the specified spectral range. This finding is in agreement
with the conclusions drawn by Khan et al. (2020) that the presence of central metals can
modify the geometry, conformation, packing density, and orientation of the dyes on the
semiconductor surface. This in turn, influences the light harvesting efficiency the dyes. The
same trend was observed for the corroles. The free and Zn-based corroles were found to
have higher LHE values than the Fe-, Mn- and Cu-based corroles. This may be due to their
better energy alignment with the TiO2 conduction band than the other metallocorroles.
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Compound P2 which is the only dye with Ni(ll) has its central metal, displayed the lowest
LHE value relative to all other dyes which are metal -free and Zn-based. This may be
because Ni(ll) has a lower oxidation potential than Zn(ll) (Gara et al., 2023), thus making
P2 less efficient in absorbing sunlight, donating electrons to the semiconductor, and
forming a stable complex on the surface. Notably, molecule P9 had the highest LHE value,
even though it has a metal center. It is worth noting that the general trend observed in the
LHE values of the molecules suggest that positively charged dyes have better light
absorbing property than a neutral dye which in turn are better than a negatively charged
dye.

The charge collection efficiency () is the probability of electron availability at the TiO»-
dye interface. It is a ratio of the dye’s diffusion coefficient by the square of the potential
energy gap (dp) between the dye’s LUMO and the TiO. CB edge (Sanusi et al., 2019). A
high charge collection efficiency is required for a dye sensitizer to be considered effective.
The r,c obtained for the molecules showed that C5, C10, P3, P4, P5, and P6 have the highest
rc values (Table 2). It has been established that metal-free dyes generally have a stronger
electron-donating ability and a lower LUMO-CB edge gap than metallated dyes (Wang et
al., 2019), meaning they can inject electrons into the TiO2 conduction band more efficiently
and reduce the recombination losses. This trend was observed for the phthalocyanines,
where metal-free P1, P4, P6, and P7 have higher r. values relative to their metallated
analogues. Additionally, the r,c values of the corroles were found to decrease in the order
metal-free corrole > Fe- > Zn- > Cu- > Mn- corroles, which was consistent with the order
of decreasing dp. This suggests that the presence of metal atom affects the electron injection
and recombination processes of the corrole sensitizers, thus affecting affects their PCE
values.

The overall charge on the dye influences the adsorption strength and orientation of dye
molecules on the TiO surface through electrostatic interactions with the semiconductor
(Bertoluzzi and Ma, 2013). It could be deduced that a neutral dye, with balanced electron
density, would form a stable, uniform adsorption layer on TiO2, which would aid electron
injection and reduce recombination losses. In contrast, a positively charged dye, with high
electron deficiency, would exhibit distorted electron density due to repulsion by the
positively charged TiO surface, causing a more tilted orientation that might inhibit electron
injection and increase recombination losses. This same effect is also expected for a
negatively charged sensitizer. Therefore, the dyes with overall neutral charge (C5, C10, P3,
P4, P5, and P6) were found to show higher r. relative to the positively charged dyes (C1,
C7, P7, P8, and P9), which in turn showed higher r, than the negatively charged dyes (C2,
C3, C4, C6, C8, C9, P1, and P2), Table 2.

The IPCE describes the overall photovoltaic performance of a photosensitizer. They were
obtained according to the method described previously by our group (Sanusi et al., 2019).
It is interesting to note that out of all the molecules, only molecules C10, P3, and P4
produced the highest IPCE values (Table 2). These three molecules out of the ones
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investigated, showed the best photovoltaic and photophysicochemical properties required
for efficient solar cell applications. It should be noted however, that their performances still
require significant improvement, which can be achieved by structural modification (Sanusi
et al., 2023). Even though the dyes absorbed strongly in the required spectral range, their
performances as photosensitizers were generally found to be poor, as most of the dyes, had
low IPCE and high non-aligning &, values.

Conclusion

DFT methods were used to study the photovoltaic and photophysicochemical properties of
some metal-free and metal-containing corroles (C1-C10) and phthalocyanines (P1-P9) for
possible application as photosensitizers in DSSC. Time-dependent density functional theory
(TD-DFT) methods were used to generate the electronic absorption spectra of the
molecules. The absorption and emission energies of the studied dyes fall within the spectral
range of 350 — 800 nm, as required for a good sensitizer. The 6p values obtained for the
corroles and Pcs are in the range of -12.4 — 7.10 eV and -5.71 — 7.92 eV, respectively,
which are significantly larger than the ideal value of ca 0.40 eV. Compounds C5, C10, P3,
P4, P5, and P6 showed a fairly situated energy levels for efficient electron injection and
photocurrent generation. The metal-free dyes were found to have higher LHE and r,c values
compared to their metallated analogues. Molecules C5, C10, P3, P4, P5, and P6 had the
highest r,c values. In general, compounds C10, P3, and P4 with IPCE values in the order of
10712 showed the best properties that are fairly suited for DSSC application. However, the
photovoltaic performance of these set of molecules could be further improved through
structural modification and extension of their z-conjugation.
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