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eSuppurting Information

ABSTRACT: A step-by-step theoretical protocol based on den-
sity functional theory (DFT) and time-dependent DFT at both
the molecular and periodic levels is proposed for the design of
dye-sensitized solar cell (DSSC) devices including dyes and
electrolyte additives. This computational tool is tested with a
fused polycyclic pyridinium derivative as a novel dye prototype.
First, the UV—vis spectrum of this dye alone is computed, and
then the electronic structure of the system with the dye adsorbed
on an oxide semiconductor surface is evaluated. The influence of
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the electrolyte part of the DSSC is investigated by explicitly taking into account the electrolyte molecules co-adsorbed with the dye
on the surface. We find that tert-butylpyridine (TBP) reduces the electron injection by a factor of 2, while lithium ion increases this
injection by a factor of 2.4. Our stepwise protocol is successfully validated by experimental measurements, which establish that TBP
divides the electronic injection by 1.6 whereas Li" multiplies this injection by 1.8. This procedure should be useful for molecular
engineering in the field of DSSCs, not only as a complement to experimental approaches but also for improving them in terms of

time and resource consumption.

B INTRODUCTION

Dye-sensitized solar cells (DSSCs) have attracted a consider-
able amount of attention since O’'Regan and Gratzel published
their pioneering work in 1991."* Due to their low costs, these
devices appear to be a good alternative to silicon-based solar cells.
Intensive research has been performed in order to increase the
photoconversion efficiency, reaching values higher than 10% for
titania-based DSSCs sensitized with ruthenium complexes (e.g,,
N719)** and organic dyes.” Different approaches for improving
DSSCs are still being explored. The nature of the semiconductor
(TiO,,* Sn0,,° ZnO,” NiO,® etc.) and its morphology (TiO,,*>'°
ZnO,'""? etc.) are both important parameters that can be
modified. The dye is also adaptable as well as the electrolyte
composition. Every combination of these parameters should be
tested in order to identify the best DSSC setup. However, not
only because the number of such combinations is very large, but
also due to the complex (multi)functional nature of DSSC
devices, a fully combinatorial approach is not workable.

In this study, a theoretical protocol is proposed with the aim of
assisting researchers working in the field of photovoltaics in the
well-educated choice of both the dyes and the electrolyte
composition for DSSC applications. The main idea behind this
computational modeling is to determine qualitatively, or even
quantitatively, whether or not a certain type of semiconductor/
dye/electrolyte system will be able to efficiently generate a
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photocurrent. One could thus avoid embarking in a time- and
resources-consuming synthesis and fabrication process that
could lead to a loosely operational system.

The case study selected to illustrate the relevance of our
computational approach is the optimization of a ZnO-based
DSSC device. The first element of a novel pyridinium-based
family of dyes—hereafter referred to as P1 (Figure 1)—was
chosen as a prototypical sensitizer not only because its suitability
to fulfill this function in a DSSC was hitherto unknown but also
because pyridinium derivatives in general are rarely meant for this
use.® This push—pull organic photosensitizer results from the
covalent assembly of (i) a so-called expanded pyridinium (that is, a
pyridinium core embedded within the 7-extended system of a
fused polycyclic fragment)l4716 as the electron-withdrawing com-
ponent, (ii) a p-aminophenyl moiety as the electron-releasing
component, and (iii) a carboxylate group, which is known for
strongly chemisorbing on oxide surfaces.'”'? As the targeted
semiconductor is ZnO, the anchoring group is most likely in its
deprotonated form since ZnO is very sensitive to acidic media.*
Of note, the spatially well-defined donor—acceptor—anchoring
group directional layout of components is an imPortant functional
template for dyes employed in DSSC devices.”
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Figure 1. Superimposed experimental UV—vis spectrum measured in
ethanol (red) and computed electronic transitions (TD-DFT/PBE0/
6-31++G(d,p), blue) along with the molecular structure of P1 and the
computed difference in electronic density between the first excited state
and the ground state (green and red refer to an increase and a decrease of
electronic density, respectively; isovalue 0.0005 au).

Computations are performed using the density functional
theory (DFT) and its time-dependent extension (TD-DFT) at
both the molecular and periodic levels. Indeed, it is recognized
that DFT can reproduce accurately geometric and electronic
structures of molecules as well as hybrid interfaces.'”*' ~**

The paper is structured as follows. After a description of
computational and experimental setups, the results are presented
in two sections. The first accounts for the stepwise theoretical
procedure we applied through the discussion of the following
items: (1) Determination of intrinsic features of the dye by
computing structural and electronic properties of the isolated
species. (2) Assessment of the impact of adsorption on the P1
dye’s features by determining the electronic structure of the
system comprised of the dye molecule and the semiconductor.
(3) Evaluation of the influence of electrolyte on the electronic
structure of the dye/semiconductor systems. To this end, explicit
electrolyte molecules are co-adsorbed on the surface in the
vicinity of the dye. An estimate of the electron injection efficiency
is given for each analyzed case.

In the second section, these computational outcomes are
compared and validated by current—potential characteristics
(noted J—V) and incident photon-to-electron conversion effi-
ciency (IPCE) measurements performed on P1/ZnO DSSCs.
Theoretical predictions allowed optimizing the electrolyte com-
position, thereby improving the overall cell efficiency by 30%.

The last section summarizes the theoretical protocol we
perfected and generalizes the implementation of this procedure
to various possible oxide/dye/electrolyte combinations.

B THEORETICAL SETUP

Molecular calculations were carried out with the Gaussian09 code.”®
A hybrid Hartree—Fock/density functional model, referred to as PBEO,
was used.”® This functional was chosen as it has recently been proven to
yield reliable valence excitations in organic dyes and, provided that a
sufficient orbital overlap is present, also excitation with charge transfer
character.'>%>2*

Structural optimizations and subsequent frequency calculations for
the ground state were performed using an all-electron Pople double-§
basis set with one polarization function on heavier atoms (6-31+G-
(d)).*” Vertical excitations were computed by the means of TD-DFT at

the same level of theory, adding diffuse and polarization functions on
hydrogen atoms (6-314++G(d,p) basis*’). Bulk solvent effects were
included using the polarizable continuum model (PCM) of Tomasi and
co-workers.*® More specifically, the conductor-like PCM model as
implemented in Gaussian (CPCM)*® was applied, and ethanol was
considered as solvent in analogy with the experimental medium.
Default radii (from the UFF, scaled by 1.1) were used for structural
optimizations.

Periodic calculations were carried out with the ab initio CRYSTAL09
code,* making use of localized (Gaussian) basis sets and solving self-
consistently Hartree—Fock and Kohn—Sham equations, thus allowing
the efficient use of hybrid functionals for band structure calculations.

The most stable crystallographic surface of the wurzite phase of ZnO
(that is, the {100} plane) was considered for the adsorption of the dye
and additive molecules since this surface is the predominant one for
solution-grown ZnO nanostructures.>’ Two-dimensional periodic slab
models were taken into account in order to model adsorption, the unit
cell being defined by two lattice parameters a and b along the (120) and
(001) directions, respectively.

Water and dye adsorptions were investigated making use of rectan-
gular (2x1) and (6x4) supercells, respectively. Sampling of the
irreductible brillouin zone was done with 9 k-points for the (2x1)
supercell and 1 k-point for the (6x4) supercell.

An all-electron basis set with 7-311G(d), 8-411G(d), 6-21G(d),
511G(p), and 5-11G(d) contractions for N, O, C, H, and Li atoms
described the dye, MP, and Li adsorbates.>* Durand and Barthelat large-
core pseudopotentials with (31/31)%3*
O atoms of the ZnO substrate and water molecules, while large-core Hay
and Wadt pseudopotentials with (111/111/41) contractions were

considered for Zn atoms>® and the 31G(p) all-electron basis set for
2

contractions were used for

the H atoms of water molecules.?

Periodic calculations were performed at the DFT level, applying the
hybrid exchange correlation functional PBEO previously used for
molecular calculations. This level of theory has already proven to provide
reliable geometrical and electronic properties of molecules and periodic
sy‘stems.17'19’36

A detailed description of the procedure of optimization of water
molecules on the ZnO surface and determination of cell parameters is
given in the Supporting Information. The so-optimized surface was next
used to obtain the (6x4) supercell with the withdrawal of two water
molecules in order to allow dye adsorption.

During the dye adsorption (with or without additives), all the
adsorbed molecules (dye, water, and additives) were allowed to fully
relax as the two outermost atomic planes, since surface relaxation of this
substrate is known to mainly involve only the outermost planes.'” The
cell parameters a and b were taken from the water adsorption and were
not allowed to relax further.

B EXPERIMENTAL SETUP

The synthesis of the molecule P1 was carried out following adapta-
tions of literature procedures perfected for affiliated fused expanded
pyridiniums'**®*” and will be reported elsewhere (see also the Support-
ing Information).

The nanoporous ZnO substrate was obtained by a procedure detailed
in refs 7, 11, 19, 38, and 39.

Before dye adsorption, the ZnO sample was dried at 150 °C for 1 h. It
was then immersed overnight in a 0.5 mM solution of P1 in ethanol at
room temperature. Cholic acid was co-adsorbed by adding a 1 mM
concentration of this molecule in the dye solution.

The cells were built by assembling the photoanode (i.e., the zinc oxide
sensitized by P1) and a counter electrode (a platinized FTO-glass
substrate). The illuminated area was fixed at 0.20 cm?”. Three electro-
lytes are tested in the present publication. The standard one (without
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additives) contained 0.6 M tetrabutylamonium iodide and 0.05 M iodine
in acetonitrile. The electrolyte containing lithium ion was made of 0.3 M
tetrabutylamonium iodide, 0.3 M lithium iodide, and 0.05 M iodine in
acetonitrile. The electrolyte containing tert-butylpyridine (TBP)
was similar to the standard one but with addition of 0.5 M TBP.
The photovoltaic performances of the devices were recorded under
100 mW/cm? simulated AM1.5 solar light illumination immediately
after cell assembly. The IPCE spectra were recorded with a home-
made Jobin-Yvon spectral system.

B RESULTS AND DISCUSSION

Computational Protocol. 1. Intrinsic Properties of the Dye P1.
In order to be suitable for DSSCs applications, dyes must show
some intrinsic properties such as (i) a large electronic absorptiv-
ity in the visible region and (ii) a preferably donor—acceptor—
anchoring group directional structure. The UV—vis absorption
spectrum of P1 molecule in ethanol was computed at the TD-
DFT level, of proven accuracy for the determination of the
electronic properties of organic dyes.”"** In order to take into
account direct solute—solvent interactions, two ethanol mol-
ecules were placed near the amino group. Optimized structural
parameters computed for this system are reported in the
Supporting Information (Figure S3 and Table S1). The effect
of addition of supplementary ethanol molecules near the accep-
tor has also been considered but was found to be negligible
(Supporting Information, Figure S4). As expected, these values
are very close to those previously reported for similar molecules
of this family.'*** Computed absorption energies and corre-
sponding oscillator strengths are depicted in Figure 1. The first
transition (corresponding to a HOMO—LUMO excitation) is
calculated at 453 nm, with an oscillator strength of 1.05, thus
predicting a strong absorption in the visible region. To establish
the nature of this transition, the variation of the total electronic
density between the ground state and the first excited state is also
reported in Figure 1. Clearly, this transition shows a strong
charge-transfer character: upon light absorption, the electronic
density is depleted on the aminophenyl group and increased on
the pyridinium ring. This observation is in agreement with the
respective electron-donating and -accepting properties of the
aminophenyl and pyridinium groups, as suggested above. The
computed increase of the dipole moment vertically on going
from the ground to the excited state of +-13.6 D further confirms
the charge-transfer character of this transition. Interestingly, the
calculated enhancement of dipole moment is of the same order of
magnitude as those computed for dyes of the indoline family.”'
Of note, the anchoring group is practically not involved in this
electronic transition. Moreover, the energy of the LUMO of P1 is
calculated to be 0.2 eV above the conduction band edge of a bare
ZnO surface, as found for indoline dyes in ref 21. Thus, on the
basis of this molecular approach, the P1 molecule should be
efficient for DSSC applications.

2. Interaction between the Dye and the Semiconductor
Surface. To better account for the functioning of the system,
the interaction between the dye and the surface was investigated
using DFT-based methods with periodic boundary conditions.
The surface studied is the {100} surface of the wurtzite structure
of ZnO, which is the predominant surface for electrodeposited
Zn0."**! Passivation of the surface was simulated by adsorption
of water molecules. Indeed, in the real device, the surface is in
contact with different solvents (whether originating from the dye
or the electrolyte solutions). Consequently, a mixture of different

types of passivating solvent molecules most likely covers the
surface. In our model, various types of solvent molecules were
replaced by water in order to decrease the computational burden.
The influence of water molecules on the electronic structure of
the ZnO surface was investigated first (see the Supporting
Information). Since all electronic parameters (such as density
of states (DOS), conduction band (CB), and valence band (VB)
edge positions) were found to remain practically identical to
those calculated for a bare ZnO surface, we consider that this
method is relevant for simulating passivation without introdu-
cing artifacts. The same assumption was made previously by De
Angelis et al. in the case of ZnO clusters.* The dye was adsorbed
via its carboxylate group in a bridged-bidentate manner, which
has been proved to be the most stable adsorption mode for this
anchoring group.'”'® The final geometry is presented in Figure 2a,
while detailed geometrical parameters are given in the Support-
ing Information (Table S1). No significant changes upon ad-
sorption are computed with regard to internal geometrical
parameters of the molecule, revealing the overall rigidity of the
backbone of this dye. Only the dihedral angle 61 (corresponding
to the tilt angle between the pyridinium ring and the coplanar
aminophenyl fragment) changes upon adsorption. This angle is
actually known to be very sensitive to the environment.** The P1
molecule leans in the direction (00— 1), with a tilt angle of ca. 35°
with respect to the surface plane. The Zn—O distances (2.071
and 2.032 A) are very similar to the computed Zn—O distances in
the cases of adsorptions of both esosin Y (2.067 and 2.016 A)*°
and simple formate (2.038 and 2.008 A)'” on the ZnO {100}
surface, confirming the strong chemisorption of the dye. With
regard to electronic features, computing the DOS of this system
(see Figure 3a) is also very informative. For DSSCs to work
efficiently, at least two electronic requirements must be fulfilled:
(i) the HOMO of the dye must lie in the bandgap of the
semiconductor, and (ii) the LUMO of the dye must lie right
above the CB bottom edge of the semiconductor. In our case
(P1), the HOMO and the LUMO of the dye lie below the VB and
CB edges of the semiconductor, respectively. In particular, the
calculated energy difference between the CB bottom edge of
ZnO and the LUMO of P1 is ca. 0.58 eV, which is different from
the configuration derived from molecular calculations (see
above). This gap is actually overestimated for two reasons: (i) the
real oxidative potential of the excited dye is not related to a single
level but rather to a sharp band resulting from the distribution of
environments around the dye,” and (ii) the entropy contribution
from the defects in the ZnO (involved in the electron diffusion in
the film) is not included in the CB edge calculation. This factor is
known to be very large” and lowers the energy of the CB bottom
edge. For these reasons, even if the LUMO is computed to lie ca.
0.58 eV below the CB bottom edge, there could exist in the real
device a non-negligible overlap between the LUMO and the CB
edge that may permit electron injection. Nevertheless, with such
an orbital configuration, the injection rate is anticipated to be
low, as confirmed experimentally (see below).

In summary, contrary to the molecular approach used for
studying the properties of the isolated dye, only the periodic
calculations explicitly integrating both the ZnO surface and the
dye allow us to predict (and show) that ZnO sensitized by P1
should have a low efliciency due to the unfavorable electronic
structure for electron injection.

3. Effects of Electrolyte Interactions. The choice of the
electrolyte is a greatly adjustable parameter for optimizing DSSCs’
efficiency because the electrolyte component is usually made of

8007 dx.doi.org/10.1021/ja201944g |J. Am. Chem. Soc. 2011, 133, 8005-8013



Journal of the American Chemical Society

(a)

(b)

Figure 2. Optimized structure of passivated P1/ZnO (a), (P1+Li")/ZnO (b), and (P1+TBP)/ZnO (c) systems. The color scheme adopted is blue,
red, yellow, sky blue, gray, and orange for Zn, O, C, N, H, and Li atoms, respectively.

several tunable types of molecules. Indeed, it contains iodine (in
the tri-iodide form), iodide ions (with a counterion), solvent, and
various additives (for “boosting” the efficiency, in particular, by
properly modifying the energy of the CB bottom edge).” In fact,
both solvent and additives can affect the CB edge by adsorbing
on the oxide surface and, consequently, modify the DSSC’s
efficiency. For instance, molecules with large numbers of donors
(such as TBP) are known to increase the energy of the CB

bottom edge.23 Conversely, lithium ion (Li") or guanidinium
thiocyanate is commonly used to decrease the energy of the CB
bottom edge.*>**

Using the periodic approach developed in section 2 to model
the interaction between the surface of ZnO and the dye P1,
explicit additive molecules were co-adsorbed with the dye on a
water-passivated ZnO surface. In particular, we focused on the
influences of two different additives, having opposite impacts on
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Figure 3. Density of states of P1 adsorbed on a ZnO {100} surface (right) and zoom-in of the CB edge region (left) computed for the P1/ZnO (a),
(P14+Li")/ZnO (b), and (P1+MP)/ZnO (c) systems. The color scheme adopted is black for the total DOS of the system and red for the DOS

projected on the P1 molecule.

the bottom edge of the CB of the oxide-based semiconductor,
namely Li" (reducing the open-circuit voltage, Vo) ™% and TBP
(leading to higher Voc).23 In the present work, TBP is modeled
by 4-methylpyridine (noted MP) to reduce the computational
burden. This simplification was successfully validated in a pre-
vious work.”® Optimized structures of these systems are depicted
in Figure 2b,c, and corresponding geometrical parameters are
collected in Table S1. The structure of the adsorbed dye (P1) is
barely affected by the presence of co-adsorbed additive mol-
ecules. As expected, the Li" cation interacts with an oxygen atom
of the surface, with a Li—O distance of 1.809 A, while the MP
molecule preferably adsorbs on a Zn atom, with a N—Zn distance
of 2.123 A.

The DOS patterns of the (P1+Li")/ZnO and (P1+MP)/
ZnO systems are presented in Figure 3b,c. In the case of the co-
adsorbed MP molecule, the electronic structure of the system is
very similar to the one obtained for P1 adsorbed on a water-
passivated ZnO surface, presented above (i.e, HOMO and
LUMO levels lying below the VB and CB critical edges of
ZnO, respectively). With the Li" additive, a significant variation
is observed since the HOMO of P1 no longer lies below the VB
top edge of ZnO but is instead located 0.14 eV above it.
Interestingly, even if the LUMO of this system remains below
the CB bottom edge, adsorption of Li* sizably decreases the gap
between the LUMO and the CB edge by ca. 0.45 eV (from 0.58
to 0.12 V). Contrary to Li", the MP molecule increases this
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Figure 4. Spin densities of reduced P1/ZnO (a), (P1+Li")/ZnO (b),
and (P1+MP)/ZnO (c) systems (isocontour value 0.0001 au).

energy gap from 0.58 to 0.74 eV. These calculations confirm the
abilities of Li" and MP (and, by analogy, of TBP) to change the
energy of the critical CB bottom edge of oxides and clearly
predict that these additive molecules should substantially influ-
ence the electron injection in the case of the P1/ZnO system.
More precisely, addition of Li" is anticipated to improve the

Table 1. Measured and Computed Properties of P1/ZnO
Systems in the Absence or Presence of Cholic Acid, in the
Presence of Lithium Ion or TBP in the Electrolyte”

QL spin CBE-
additives Voe Joe FF 7 IPCE  excess LUMO
none 050 13 73 0S 17 — -
cholic acid 0.51 1.8 67 06 21 18 0.58
cholic acid/Li" 043 33 62 09 37 43 0.12
cholic acid/TBP 049 1.1 72 04 13 9 0.74

“V,. (open-circuit voltage, V), J,. (short-circuit current, mA/cm”), FF
(fill factor, %), and 7 (power conversion efficiency, %) are from J—V/
measurements under AM1.5. IPCE values (%) are the maximum values
of the measured IPCE spectra. 0L spin excess (%) represents the
computed proportion of injected electrons in ZnO. CBE-LUMO (eV)
is the computed gap between the dye’s LUMO and the CB edge of ZnO.

energy matching of the LUMO of the dye and the bottom edge of
the CB, thereby enhancing the efficiency of electron injection.
For the same reasons, the presence of TBP should result in a
reduced rate of electron injection.

The electron injection of the three systems, P1/ZnO,
(P1+Li")/Zn0O, and (P1+MP)/Zn0O, has been theoretically
assessed using a simple approach, that is, by analyzing the
corresponding one-electron-reduced systems. Such an approach
is analogous to experimental spectro-electrochemical studies aimed
at mimicking excited states resulting from photoinduced electron-
transfer processes such as charge-separated or even (long-range)
charge-transfer states.** Besides, this approach has been recently
shown to be particularly suitable for predicting electron injection.*®

The analysis of the electronic structure of the reduced systems
is performed by computing their spin density maps, correspond-
ing to the difference between ot-spin and f3-spin electron den-
sities. The computed spin densities are reported in Figure 4 for
the three systems. It appears that, for the three systems, the spin
densities are delocalized over both the dye and the ZnO surface.
Integration of the spin density located at the surface gives the
proportion of injected electrons (Table 1). In the first system,
without additive molecules in the electrolyte, the proportion of
injected electrons is 18%. With adsorbed Li", the computed
injection increases to 43%. Finally, in presence of MP, a reduc-
tion of the injection is calculated, dropping to 9%. Consequently,
lithium ions must be added to the electrolyte when a better
injection is sought in order to achieve higher efliciency.

To summarize, the overall picture we get from our theoretical
investigations is the following. The dye P1 should exhibit an
intense absorption band around 450 nm of pronounced charge-
transfer character. Electron injection from the photoexcited dye
into the CB of ZnO should be moderately efficient, but addition
of lithium cations in the electrolyte is expected to dramatically
increase the injection rate. In contrast, a reduction of the
injection is anticipated when TBP is added to the electrolyte.

Experimental Validation. The absorption spectrum of the
dye P1 in ethanol is presented in the Figure 1. The lower-energy
band, centered at 453 nm, displays a high molar extinction
coefficient (1.6 x 10* M~ '+cm ™ '). This transition is the one
involved in the photon-to-electron conversion within the DSSC
device. These findings are in excellent agreement with the
theoretical outcomes of TD-DFT concerning UV —vis electronic
absorption of P1, further confirming the good accuracy of the
level of theory applied here to model the isolated dye.

8010 dx.doi.org/10.1021/ja201944g |J. Am. Chem. Soc. 2011, 133, 8005-8013
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Figure 5. (a) J—Vand (b) IPCE curves measured for ZnO-based DSSCs sensitized by P1 without cholic acid (black) or with cholic acid (red) under
AML.S illumination (full lines) and in the dark (dotted lines). J—V (c) and IPCE (d) curves measured for ZnO-based DSSCs sensitized by P1 in presence
of cholic acid using a standard electrolyte (red) or with Lit ion (blue) or TBP (green) added in the electrolyte.

The J—V characteristics recorded under 1 sun irradiance for
electrodeposited ZnO-based DSSCs sensitized with P1 are
collected in Figure Sa, and cell performances are reported in
Table 1. The influence of dyes’ aggregation, well-known for
DSSCs, was investigated bzr adding cholic acid to the dye solution
during ZnO sensitization. ? Indeed, aggregation can cause inter-
molecular energy transfer between dyes, therebzf quenching the
excited state before electron injection occurs.** Clearly, cholic
acid increases the performance of the cell by almost 20%, due to
an increase of the short-circuit current (J,.) while the fill factor
(FF) and the V,. are kept nearly constant. This result suggests
that dye molecules are probably aggregated on the ZnO surface.
This is confirmed by the analysis of UV—vis spectra of the
adsorbed dye in the presence or absence of cholic acid (Figure
SS). A blue-shift of the low-energy absorption band of the
adsorbed dye on ZnO (from 467 to 451 nm) is indeed observed
upon addition of cholic acid, which is consistent with the
destruction of J-type aggregates.””>® The low V,. obtained
(about 0.5 V) is probably a consequence of the use of a cationic

8011

dye, as was recently reported.">*' This phenomenon was ex-
plained by a decrease of the energy of the CB bottom edge of the
semiconductor due to the orientation of the dipole moment of
the cationic dye adsorbed on the surface.”"

Theoretical calculations predicted that the presence of Li"
should increase the rate of electron injection to the dye and
consequently the photocurrent.

This phenomenon was also investigated at the experimental
level. Photovoltaic characteristics (J—V and IPCE curves) of
DSSCs based on ZnO photosensitized with P1, using Li" and
TBP additives, are depicted in Figure Sc,d. Cells' performances
are summarized in Table 1. For comparison purposes, the same
curves obtained with the standard electrolyte (i.e., without
additives) are included in these figures. In presence of lithium,
Jsc is increased but V. is decreased. This is the predicted
behavior, since lithium adsorption lowers the energy of the CB
bottom edge (so reducing the V,.) but increases the rate of
electron injection due to better energy matching of the LUMO/
CB edge (so increasing the J,.). The global power conversion
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efficiency (77) of the P1/ZnO native system (ca. 0.6%) is then
upgraded to 0.9% in the case of the (P1+Li")/ZnO optimized
system. In contrast, addition of TBP in the electrolyte decreases
Jsc while keeping V. almost constant. The observed decrease of
Jsc is ascribed to the reduced efficiency of electron injection, in
line with computational findings. Nevertheless, V. is not in-
creased, which was also the expected behavior. This can be
explained by the low injection efficiency, which may cause a
lowering of the electronic density inside ZnO, to which the V, is
also related.”? The fact that the measured V. remains unchanged
most likely indicates that the effect of electronic density lowering
is compensated by the energy rise of the CB bottom edge. It is
also worth noting that the TBP additive also increases the FF of
the cell, which is a consequence of the ability of this molecule to
quench the recombination process between the injected electron
and the tri-iodide ion.>” For this (P14+TBP)/ZnO system, the
overall efficiency is reduced to 0.4%. Finally, the variation of
IPCE curves as a function of the nature of additive molecules is in
good agreement with the explanations proposed from the
computed spin densities (Figure Sd).

Bl CONCLUSION

In the present work, the suitability of a dye prototype based on
a fused polycyclic expanded pyridinium to generate photocur-
rents in DSSC devices was assessed with a purposely conceived
computational protocol. Theoretical outcomes were subse-
quently checked against experimental findings. Thus, the rele-
vance of this computational approach has been validated, paving
the way toward in silico screening and design of new dyes,
moreover taking into account their actual environment for DSSC
applications and cell optimization. This method is comprised of
the following three steps:

(1) Calculation of the properties of the isolated dyes in order
to get insights into their key intrinsic electronic fea-
tures, including (i) UV—vis spectra, (ii) charge-transfer
character of their lower-lying electronic transitions, and
(iii) estimation of their excited-state oxidization potential.

(2) Calculation of the structural and electronic properties of
the dye/semiconductor system using a periodic approach
in order to access the electronic structure of the combined
system.

(3) Calculation of the dye/semiconductor systems according
to step (2) but in the presence of molecules composing
the electrolyte, such as solvent or additives, that could
modify their geometrical or electronic features. At this
point, it is also possible to evaluate the electron injection
efficiency in the presence of the different additive molecules.

Applied to the reference P1 molecule, this protocol gave inter-
esting information. Molecular calculations provided an accurate
estimation of UV—vis spectrum of the molecule. Clearly, taking
into account the surface is essential for properly determining the
relative position of the excited-state oxidation potential of the dye
with respect to the CB bottom edge of the semiconductor. From
this modeling, it appeared that the electronic configuration of the
bare P1/ZnO system was not appropriate for DSSCs application.
When the electrolyte composition was explicitly considered in
the calculations (co-adsorption of additives), it was found that
lithium ion should increase the electron injection of the dye,
conversely to the TBP additive.

These results have been confirmed by the experimental [—V
and IPCE characteristics of DSSCs based on ZnO sensitized with

P1. Theoretical insights allowed us to rationally improve the
composition of the electrolyte by adding lithium ions and
avoiding the use of the standard TBP additive. Thereby, the
initial efficiency of 0.6% was increased to 0.9%.

This powerful theoretical approach should be used for the in
silico optimization and design of both the dye and the electrolyte
composition before carrying out time- and resources-consuming
organic synthesis and cell construction.

B ASSOCIATED CONTENT

(5] Supporting Information. Details on water adsorption on
ZnO, numbering scheme and optimized structure of P1, experi-
mental and theoretical UV —vis spectrum of P1 with four ethanol
molecules, geometrical parameters computed for P1 in solution
and when adsorbed on ZnO, UV —vis spectra measured for P1 on
ZnO in the absence or presence of cholic acid, complete ref 25,
and characterization (‘H and ">*C NMR as well as ESI mass
spectra) of P1. This material is available free of charge via the
Internet at http://pubs.acs.org.
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