
1268 ’ ACCOUNTS OF CHEMICAL RESEARCH ’ 1268–1277 ’ 2012 ’ Vol. 45, No. 8 Published on the Web 04/12/2012 www.pubs.acs.org/accounts
10.1021/ar200327w & 2012 American Chemical Society

First-Principles Modeling of Dye-Sensitized
Solar Cells: Challenges and Perspectives

FR�eD�eRIC LABAT, TANGUI LE BAHERS, ILARIA CIOFINI, AND
CARLO ADAMO*

LECIME, Laboratoire d'Electrochimie, Chimie des Interfaces et Mod�elisation
pour l'Energie, UMR 7575 CNRS, Ecole Nationale Sup�erieure de Chimie de

Paris � Chimie ParisTech, 11 rue P. et M. Curie, 75231 Paris Cedex 05, France,
and Institut Universitaire de France, 103 Boulevard Saint Michel,

F-75005 Paris, France

RECEIVED ON DECEMBER 13, 2011

CONS P EC TU S

S ince dye-sensitized solar cells (DSSCs) appeared as
a promising inexpensive alternative to the tradi-

tional silicon-based solar cells, DSSCs have attracted a
considerable amount of experimental and theoretical
interest. In contrast with silicon-based solar cells, DSSCs
use different components for the light-harvesting and
transport functions, which allow researchers to fine-tune
each material and, under ideal conditions, to optimize
their overall performance in assembled devices. Because
of the variety of elementary components present in these
cells and their multiple possible combinations, this task
presents experimental challenges. The photoconversion efficiencies obtained up to this point are still low, despite the significant
experimental efforts spent in their optimization.

The development of a low-cost and efficient computational protocol that could qualitatively (or even quantita-
tively) identify the promising semiconductors, dyes, and electrolytes, as well as their assembly, could save sub-
stantial experimental time and resources. In this Account, we describe our computational approach that allows us to
understand and predict the different elementary mechanisms involved in DSSC working principles. We use this
computational framework to propose an in silico route for the ab initio design of these materials. Our approach relies on
a unique density functional theory (DFT) based model, which allows for an accurate and balanced treatment of electronic and
spectroscopic properties in different phases (such as gas, solution, or interfaces) and avoids or minimizes spurious
computational effects.

Using this tool, we reproduced and predicted the properties of the isolated components of the DSSC assemblies. We accessed
the microscopic measurable characteristics of the cells such as the short circuit current (Jsc) or the open circuit voltage (Voc), which
define the overall photoconversion efficiency of the cell. The absence of empirical or material-related parameters in our approach
should allow for its wide application to the optimization of existing devices or the design of new ones.

1. Introduction
Production of energy from the sun with renewable

material such as in dye-sensitized solar cells (DSSCs)

has attracted a considerable amount of attention since

O'Regan and Gr€atzel published their pioneering work

in 1991.1�3 Easily fabricated and low-cost, these devices

paved the way to a new generation of economic

photovoltaic modules, appearing as a promising alterna-

tive to silicon-based solar cells. Low costs and higher

functionalities were essentially achieved by separating

light harvesting and charge separation, as plants do in

natural photosynthetic processes.

The working principle of a DSSC is schematically de-

scribed in Figure 1. Light is harvested by a large surface area

of dyes grafted on the surface of a wide bandgap semicon-

ductor (such as TiO2 or ZnO) in contact with an electrolyte

(typically I3
�/I� in an organic solvent) and closed by a

counter electrode, usuallymade of Pt. The elementary steps
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involved can be thus represented as follows:

dyeþ hν f dye� (1)

dye� f dyeþ þ en�SC
� (2)

2dyeþ þ3I� f 2dyeþ I3
� (3)

I3
� þ2ePt � f 3I� (4)

Uponabsorptionof light in the visible�near-IR range, dye

molecules, promoted in an electronically excited state

(eq 1), inject electrons into the conduction band of the

semiconductor (eq 2). Oxidized dyes are regenerated by a

reducing agent of the electrolyte (usually I�), thus con-

verted to the corresponding oxidized species (I3
�, eq 3).

This latter is subsequently reduced at the counter-

electrode (eq 4). The overall charge carriermotion gives

rise to themacroscopic photocurrent. As a consequenceof

the photoinduced electron transfer from the dye to the

semiconductor, the electronic density increases in the

oxide, giving rise to an electrochemical potential differ-

ence (i.e., a voltage) between the semiconductor and the

electrolyte.
The corresponding photoconversion efficiency, η, can be

then defined as follows:

η ¼ VocJscFF
Pi

(5)

where Jsc is the photocurrent density at short-circuit,Voc

the open-circuit photovoltage (see Figure 1), Pi the

intensity of the incident light, and FF the fill factor. This

latter is an important cell parameter that defines the

ratio of the actual maximum obtainable power to the

product of the open-circuit voltage and short-circuit

current.
Unlike a standard silicon solar cell, inDSSCs, electrons and

holes are transported in different media, thus allowing for

both a separate optimization of each medium and an

optimization of the charge extraction at each interface.

Up to now, intensive research has been performed to

increase the photoconversion efficiency, reaching values higher

than 10% for titania-based solar cells sensitizedwith ruthenium

complexes (e.g., N719)4 and organic dyes.5 Nevertheless, per-

formancesare levelingoff, as suggestedbya recentpublication6

showing that devices belonging to the N719/TiO2 family have

almost reached their maximum efficiency.

Higher performances are expected to be achievable as

long as the full design of new components (dyes, oxide, and

redox couple), as well as their optimal assembly, is consid-

ered. Given the great variety of elementary components in

these cells and their multiple possible combinations how-

ever, this task is still extremely challenging. Developing a

low-cost and efficient computational protocol able to quali-

tatively (or even quantitatively) identify the promising semi-

conductors, dyes, and electrolytes, as well as their assembly,

which could efficiently generate a photocurrent, would thus

allow one to drive experiments through an efficient in silico

prescreening of all different basic components of DSSCs and

therefore offer substantial time and resource savings at the

experimental level. Not surprisingly many computational

studies were devoted to the characterization of single com-

ponents and interfaces of DSSCs.7,8

In this Account, we report on a recently developed com-

putational protocol enabling understanding andprediction of

the elementary steps involved in DSSC working principles.

The coreof ourapproach relies onauniquedensity functional

theory (DFT)-model, which allows for an accurate and bal-

anced treatment of electronic and spectroscopic properties in

different phases (gas, solution, or interfaces), thus avoiding (or

at leastminimizing) spurious computational effects, related to

both models and methods applied.

After a concise description of the computational protocol

(section 2), the results obtained on individual components

FIGURE 1. DSSC schematic (left) structure and (right) working principles. TCO stands for transparent conducting oxide.
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and their interplay for existing DSSCs are collected in section

3 while in section 4 is reported an example of in silico design

of new DSSCs.

2. The Computational Protocol
Modeling the main steps involved in a DSSC requires one to

model electron transfer phenomena, making an explicit

treatment of electrons by a proper quantum chemical treat-

ment mandatory. In addition, in order to set up an approach

to screen novel candidates, any method introducing empiri-

cal parameters not straightforwardly extendable to novel

materials has to be excluded.

Considering the high complexity of the systems to be

modeled, DFT-based methods appear as a natural choice

due to their appealing performance to accuracy ratio.

Nowadays, DFT is probably themostwidely usedmethod

in computational chemistry, yielding an accurate prediction

of several ground asnd excited state properties.9 Its success

ismainly related to the recent development of awide variety

of increasingly complex and accurate exchange�correlation

functionals. Among these, the so-called hybrid functionals,

which explicitly include a fraction of Hartree�Fock (HF)

exchange, are probably themost popular, at least for molec-

ular systems. Global hybrids (GH), such as B3LYP10 or

PBE0,11 actually emerged as the most applied in chemis-

try. Although the better performance of hybrid functionals

with respect to semilocal ones still holds for extended

systems, especially as it concerns band gaps, hybrids still

remain not so largely used for solids, since the evaluation

of the exact HF exchange contribution at long range is

computationally demanding when plane waves are con-

sidered as basis sets.12 When localized (Gaussian) basis

sets are chosen however, hybrid functionals can be efficiently

applied to periodic systems.13,14

The same GHs (such as PBE09) were proven to yield

impressive performances for studying excited state proper-

ties of molecular systems at time-dependent DFT level. In

some delicate cases however, a correction of the exchange

potential form to obtain the correct long-range behavior is

required and obtained through the use of range-separated

hybrids (RSH). These functionals (see, for instance, ref 15)

have been shown as particularly adapted when dealing with

through-space charge-transfer transitions, for which standard

GHs fail toaccurately reproduce theexperimentaldata9with the

exception of latest generation functionals of the Minnesota

family, such as M06-2X and M08-HX, which actually perform

better than the RSH (CAM-B3LYP) for the description of charge

transfer excitations with intermediate spatial overlap.15

As a trade-off, GHs (such as PBE0) appear as a good

compromise for a consistent description of both ground

and excited state properties of molecules, surfaces, and

solids, as needed to model DSSCs, without introducing any

empirical and material-dependent parameter.

At the same time, environmental effects on the electronic

properties should be taken into account. Although the effect

of the solvent highly depends both on its nature and on that

of the transitions involved,9 solvation can be routinely taken

into account at reasonable computational cost by consider-

ing implicit solvation models such as polarizable continuum

models (PCM, see ref 16a for an overview and ref 16b for the

latest developments for solvation effects on spectroscopy).

In such a case, the solvent is modeled by a (continuum)

medium characterized by a static dielectric constant, polar-

izing the solute and polarized by the solute. Eventually,

specific bonding interactions between the solute and the

solvent can also be addressed by mixed explicit/implicit

models, explicitly including the first solvation shell in the

electronic calculation and embedding the resulting cluster in

a PCM to simulate the bulk solvent effects. Surface interac-

tions could be also considered as a particular case of

environmental effects, significantly tuning the spectral prop-

erties of dyes. An inexpensive yet powerful tool to include

such effects combines the ONIOMmethod17 with electronic

embedding (EE) potentials.18 The wave function of the

chemically relevant part of the system can be polarized by

the electrostatic contribution of its surroundings, by an

appropriate division of all subparts of the system.

Finally, since several competing kinetic processes are

involved in DSSCs, a simplemethod to evaluate the electron

injection times is also required. To this end, the injection time

(τ) was estimated from the energetic broadening (Δ) of the

donor orbital of the dye upon adsorption, using a model

derived from the Newns�Anderson approach,19 as follows:

τ ¼ C=Δ (6)

C being a constant (658 fs meV).
Overall, our computational protocol is basedon theuseof

DFT in conjunction with a GH (PBE0) to study both isolated

and extended systems (i.e., 2D or 3D periodic systems),

properly including the most relevant environmental effects

(solvation, embedding).

3. Insights on Individual Components and on
Their Interplay
In order to enhance the performance of DSSCs, a common

strategy applied at the experimental level relies on an initial
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optimization of their isolated components (dye, semicon-

ductor, or electrolyte), followed by a deep analysis and

tuning of their assembly. Following this line, at the theoret-

ical level, the structural and electronic features of the iso-

lated dyes and semiconductors can be first analyzed to pre-

screen andoptimize suitable candidates for efficient devices.

3.1. Isolated Components. The main electronic require-

ment for semiconductors to be used for DSSC applications is

related to the position of the band edges. In particular, a

material transparent to UV�vis radiation with a conduction

band edge below the energy of the excited state of the dye

(D*, Figure 1) is desired.

From our studies20�23 and those of others,12,23 it appears

that GHs and periodic boundary conditions (PBCs) yield an

accurate description of both geometric and electronic struc-

tures of bulk and surfaces of semiconductors commonly

involved in DSSC devices (i.e., TiO2 or ZnO). Indeed, local

functionals generally show a systematic and problematic

underestimation of the semiconductor band, as reported in

Table 1 for TiO2 and ZnO, for instance.

For the sakeof completeness, it should bementioned that

a specifically developed RSH functional24 performs better

than popular GHs for the band gap determination. Never-

theless, the performance of HSE for the description for

excited states is expected to be rather poor and thus un-

suitable for DSSCs modeling, where an accurate description

of both the semiconductor and the dye excited state proper-

ties are needed.

Concerning dyes, the best photoconversion efficiencies

are obtained with ruthenium- and osmium-based dyes for

TiO2-based cells, while organic dyes such as eosin-Y and

indolines (D131, D102, and D149, Figure 2) are common

dyes used in ZnO-based cells, especially due to their low

costs. Most of the organic dyes used are generally “push�
pull” architectures made of the covalent assembly of (i) an

electron-donating group (D) and (ii) an electron-withdrawing

(A) group. In this case, the excited state responsible for the

injection into the conduction band of the semiconductor

is generated by a charge transfer (CT) transition from

the donor to the acceptor group. On the other hand, in

the case of Ru or Os complexes the excited state basically

corresponds to a metal-to-ligand CT transition. In both

TABLE 1. Computed and Experimental Gaps (in eV) for TiO2 and ZnO

LDA PBE PBE0 exptl

TiO2 (anatase)
a 2.33 2.36 4.50 3.18c

ZnO (wurtzite)b 1.46 1.46 3.93 3.44d

aReference 20. bReference 22. cSee ref 28 of ref 20. dSee ref 33 of ref 21.

FIGURE 2. Structures of selected dyes.
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cases, the dye is chemically linked to the surface via an

anchoring group.

We have demonstrated that the electronic properties of

the isolated dyes as well as their absorption spectra can be

very accurately described using a GH such as PBE0, espe-

cially when properly taking into account solvent effects

using a PCM approach.9,25�29 The charge transfer length

and character associated with a given electronic transition

can be further qualitatively analyzed by considering a charge

transfer index (dCT), recently developed in our group.30

On this basis, some intrinsic structural and electronic

properties required (but not sufficient) for a dye to generate

a photocurrent upon adsorption on an oxide surface can be

defined and computed:

• the anchoring group should be positioned on the

electron-accepting group

• the HOMO and LUMO of the dye should be energetically

computed above the valence band edge (VBE) and the

conduction band edge (CBE) of the oxide, respectively

• the absorption spectrum should significantly overlap

with the solar spectrum

• the transition involved in the photoconversion phe-

nomenon should have a high intensity

• the fluorescence lifetime should be sufficiently high

(above thenanosecond timescale) toallowanelectronic

injection to the semiconductor from the excited state

of the dye before quenching of the excited state by a

radiative decay

As an example, all of the above-mentioned parameters

were computed for a dye belonging to a new family char-

acterized by the presence of a polycyclic pyridinium ring as

electron-withdrawing group (P1, Figure 2).31 The first transi-

tion is computed (and experimentally measured) around

450nm, thus having a goodoverlapwith the solar spectrum.

The variationof electronic density (Figure 3) from the ground

to the excited state associated with this transition qualita-

tively indicates its charge transfer character. This is quantita-

tively confirmed by a computed charge transfer length of

4.1 Å. The anchoring carboxylate group is linked to a pyri-

dinium polycyclic fragment (i.e., the acceptor group), which

will facilitate the electronic injection upon illumination of the

dye. Finally, the computed LUMO level is found 0.22 eV

above the CBE computed on a pure (1010) surface of ZnO.

Consequently, this dye fulfills all requirements needed to be

successfully used in ZnO-based DSSCs.

3.2. Interfaces. In order to allow an efficient injection

from the dye to the semiconductor, the molecule should

firmly adsorb on the semiconductor to avoid desorption

phenomena. An efficient modeling protocol should thus

also be able to predict the energetic and structural features

related to this adsorption process.

Different anchoring groups can be used to chemically link

the dyes to the semiconductor, the most common being a

carboxylic moiety. Nevertheless, since in most cases the

anchoring group is electronically and geometrically de-

coupled from the rest of the dye, model systems containing

only the relevant anchoring group and the semiconductor

can be used to screen different adsorptionmodes of the dye

on the surface at low computational cost.

This strategy has been applied to N3/TiO2 and Eosin-

Y/ZnO, prototypical examples of DSSCs. For the N3/TiO2

system, the bi-isonicotinic acid (BINA) molecule over an

anatase (101) surface was considered,32 while for the EY/

ZnO DSSC a formic acid over a wurtzite (1010) surface was

studied.22 Both anchoring groups were found to adsorb in a

dissociative way, with a preferred bidentate binding mode

for formic acid and amixed bidentate/monodentate one for

BINA.

The same procedurewas recently applied to propose and

study new anchoring groups based on acetylacetone33,34

and catechol34 derivatives (Supporting Information) particu-

larly tailored for ZnO-based applications due to their low

acidity. These studies confirmed not only that all these

groups efficiently anchor the dye to the surface but also that

in the case of acetylacetone ATR-IR experimental spectra

can be predicted and experimentally used to follow the

adsorption process.33,34

FIGURE 3. Experimental UV�vis spectrum (black) and computed ver-
tical electronic transitions (TD-DFT/PBE0/6-31þþG(d,p), red) along with
the computed difference in 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).
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The adsorption geometry obtained by the study of the

model systems can next be used as starting point to model

the real dye/semiconductor interface always using PBC.

In such away, the adsorption of N3 on anatase (101)35 as

well as EY on wurtzite36 was recently investigated. Analo-

gously to the BINA, N3 adsorbs in a mixed bidentate/

monodentate fashion, while EY binds both through its

carboxylic acid moiety and its xanthene, displaying surface

coordination with both O and Br atoms (Supporting

Information). Computed densities of states (DOS) of both

systems, as well as relevant frontier crystalline orbitals, are

presented in Figure 4. Clearly, two opposite situations ap-

pear. The electronic structure of N3/TiO2 is compatible with

an electron injection from the dye to the semiconductor,

with HOMO and LUMO localized on the former and the

latter, respectively. On the other hand, the EY/ZnO one is

not, since the HOMO is localized on the dye and only the

LUMOþ2 is exclusively localized on the semiconductor.

Further qualitative insights on the nature of the first

excited state of such systems were obtained, in analogy to

spectroelectrochemistry experiments, by considering the

electronic structure of the reduced systems. Plotting spin

maps thus reveals the feasibility of the electron injection

(Supporting Information). It is clear that upon addition of one

electron, injection is observed in the case of N3/TiO2 while

the extra electron still remainsmostly localized on the dye in

the EY/ZnO assembly. Addition of a second electron in this

latter case however leads to an equal repartition of the spin

density between the substrate and the adsorbate, thus

pointing out that to inject one electron to the substrate,

two electrons might be involved. Monophotonic and bipho-

tonic processes might thus rule the N3/TiO2 and EY/ZnO

operations, respectively, explaining the larger photoconver-

sion efficiency observed for the first system.

Using eq 6, electron injection times were computed to be

2, 22, and 8 fs for the BINA/TiO2, N3/TiO2 and EY/ZnO]�

systems, respectively. These values are in fair agreement

with available experimental data ranging between3and6.5

fs for BINA/TiO2, and 30 and 50 fs for N3/TiO2 (see ref 35

and references therein), further underlying the level of

accuracy of the calculations.

Finally, the effect of the adsorption on the spectral fea-

tures can also be evaluated. If, in agreement with the

experimental data,37 the adsorption on TiO2 only slightly

modifies the spectral properties of N3 (Figure 5), more

marked effects can be noticed for EY/ZnO. In particular,

the relative intensities of the two main bands can only be

reproduced when taking into account electrostatic effects

(ONIOMþEE case) due to the presence of the semiconductor.

Since the semiconductor surface is exposed to the elec-

trolyte, the effect of the coadsorption of its molecules on the

electronic structure of the semiconductor should also be

addressed. Using the same protocol employed for the ad-

sorption of the anchoring groups and dyes on the surfaces,

we investigated the influence of the electrolyte composition

on the open-circuit voltage (Voc) of the DSSC,
38 a key param-

eter of the cell directly related to the photoconversion

efficiency (eq 5). Since Voc is related to the difference be-

tween the quasi-Fermi level of the semiconductor and the

electrochemical potential of the redox couple of the electro-

lyte (eq 7),38 it is directly related to the CBE position (eq 8). In

particular, the higher the CBE energy, the higher the Voc.

qVoc ¼ εF, n � μredox (7)

εF, n ¼ ECBE þ kT ln
nc
Nc

� �
(8)

To assess the effect of the electrolyte molecules on the CBE

energy pointed out at the experimental level, three molecules

usually used as solvent (nitromethane (NM), acetonitrile (AN),

and dimethylformamide, (DMF)) were adsorbed on a (1010)

ZnO surface. The influence of a common additive, 4-tert-

butylpyridine (TBP, modeled as methylpyridine) was also

FIGURE 4. Computed densities of states and relevant Γ-point frontier
crystalline orbitals of the (a) N3/TiO2 (HOMOand LUMO) and (b) EY/ZnO
(HOMOandLUMOþ2) systems. Isovalues: |0.040| a.u. forHOMO, |0.007|
a.u. for LUMO, and |0.020| a.u. for LUMOþ2.
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considered. The theoretical resultswere comparedwithexperi-

mental measurements of Voc of ZnO/D149-based DSSCs built

and characterized experimentally using these different mole-

culesas solventor additives. Anexperimental increaseofVoc in

the order NM < AN < DMF ≈ TBP was outlined in qualitative

agreement with the computed CBE variation (Figure 6). The

slight discrepancyobserved forDMFandTBPcouldbeascribed

toavariationof the redoxpotential (E�) of I3�/I� (also ruling the

Voc, eq 5) in the different media.38

4. In Silico Design of New Systems: From
Single Components to Cell Characteristics
Studies reported above showed that the computational

protocol used for investigating both molecules and ad-

sorbed molecules on oxide surfaces is reliable and can yield

useful insights on existing devices. It is now possible to go

beyond the explanation of experimental observation and to

use in silico experiments to design new single components

(dyes, anchoring groups, electrolyte component) and, over-

all, new cell assemblies.

Let us consider again the organic dye P1 (Figure 2), whose

isolated properties were presented in section 3, in order to

predict its ability to generate a photocurrent upon adsorp-

tion on ZnO (1010) surface.31 To that purpose, with the same

protocol as for the adsorption of the anchoring group and

the electrolyte's molecules, we adsorbed the P1 dye on a

ZnO (1010) surface. Passivation of the surface was also

taken into account and simulated by adsorption of water

molecules to ensure reasonable computational costs.

Figure 7 presents the optimized structure of this system

and the computed DOS. In the present case, both 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, notably different from

the configuration derived from calculations on isolated spe-

cies (see section 3). We should note that (i) the oxidation

potential is not a localized level but a large band and (ii) the

computed CBE energy does not take into account the

entropy of the injected electron, which is known to be

high;2 a non-negligible overlap between the LUMO and

the CB edge that may permit electron injection might exist

in the real device. Nevertheless, with such an orbital config-

uration, the injection rate is expected to be low, and this case

outlines that contrary to the molecular approach used for

studying properties of the isolated dye, only the periodic

calculations explicitly integrating both the ZnO surface and

the dye allows one to predict (and show) that ZnO sensitized

by P1 should have a low efficiency due to an unfavorable

electronic structure for electron injection.

To enhancedevice performances, the CBEposition canbe

tuned bymodifying the electrolyte composition, as reported

in the previous section.We determined the influence of such

molecules on the electronic structure of the P1/ZnO surface

FIGURE 5. Simulated UV�visible absorption spectra of (a) N3/TiO2 and (b) EY/ZnO.

FIGURE6. CBE energy (and structures) of systems containingmolecules
adsorbed on a ZnO(1010) surface.
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by coadsorbing lithium ion (Liþ) or methylpyridine (MP), two

common additives well-known for downshifting and up-

shifting the CBE level, respectively. From our calculations,

although the LUMO of the system still remains below the CB

bottom edge, adsorption of Liþ sizably decreases the gap

between the LUMO and the CB edge by ca. 0.45 eV (from

0.58 to 0.12 eV). On the other hand, the MP molecule

increases this energy gap from 0.58 to 0.74 eV, predicting

that these additive molecules should substantially influence

the electron injection, albeit in opposite directions.

The electron injection of the three systems (P1/ZnO,

(P1þLiþ)/ZnO, and (P1þMP)/ZnO) was also theoretically

assessed analyzing the corresponding one-electron reduced

systems, analogously to the N3/TiO2 and EY/ZnO cases

(section 3). Computed spin densities of the three above-

mentioned systems are reported in Figure 7b and Figure SI.4,

Supporting Information. In all cases, the spin densities are

delocalized over both the dye and the ZnO surface. Without

additive molecules in the electrolyte, the fraction of injected

electrons into the semiconductor is 18%.With adsorbed Liþ,

it increases to 43%, while with MP, a reduction of the

injection to 9% is calculated. Consequently, based on these

theoretical outcomes, it is clear that lithium ions should be

added to the electrolyte to achieve higher efficiency.

Finally, it is also possible to simulate the incident photon

to electron conversion efficiency (IPCE), widely used experi-

mentally for characterizing solar cells. Integration of the IPCE

curves, following eq 9, leads to the photocurrent of the

system (Jsc), experimentally measured from the J�V char-

acteristics.

Jsc ¼ e
hc

Z
IPCE(λ)λφAM1:5(λ) dλ (9)

This is done by first convoluting the UV�vis spectra of the

dye computed at the TD-DFT level and imposing a max-

imum intensity proportional to the injection efficiency ob-

tained from the spin density calculations. The simulated IPCE

spectra so obtained are reported in Figure 8 in the case of the

P1/ZnO system in comparison with the experimental data.

From this figure, it is clear that the computational protocol

here applied can be successfully used to tune the efficiency

of the cells and predict the change in photoconversion

efficiency in the presence of additives. Overall these results

confirm the possibility of using ab initio calculations in order

to rationalize and help the experimental optimization of the

DSSCs.

FIGURE7. (a) Computed structure for the P1dye adsorbedon thewater passivated (1010) ZnO surface alongwith its total (black) andprojectedon the
dye (red) DOS. (b) Spin density of reduced system P1/ZnO in presence of Liþ.

FIGURE 8. Experimental (dashed lines) and simulated (full lines) IPCE
characteristics alongwith integrated current. Red lines correspond to
an electrolyte without additives, blue line to an electrolyte contain-
ing Liþ, and green lines to an electrolyte containing a pyridine
derivative.
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5. Conclusions and Perspectives
The recent advances in DFT and TD-DFT methods allow

nowadays for a good description and prediction of proper-

ties of the isolated components and assemblies that consti-

tute the basic elements of DSSCs. Indeed, in order to get

meaningful results, it is compulsory to use a level of theory

adequate to treat on the same foot all components involved

in the processes. This translates to the necessity of using at

least a global hybrid functional for the description of their

electronic structure. Furthermore, in order to avoid confine-

ment effects, for the treatment of the dye�semiconductor

interfaces a periodic approach seems to be themost reliable.

Using such tools, wedemonstrated that it is nowpossible not

only to access miscroscopic quantities but also global mea-

surable observables such as Jsc and Voc, defining the overall

photoconversion efficiency.

It also seems clear that the electrolyte plays a relevant

role in DSSCs, and the first steps toward its explicit modeling

were performed.

If the present computational approach has already prov-

en its ability for interpretation and design of new cells, it is

indeed important to stress that enhancements are still

needed especially to provide a more realistic picture of the

microscopic structure of the semiconductor and of the bulk

electrolyte properties.
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