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Conspectus 

The harvesting and conversion of solar 

energy has become a burning issue for our 

modern societies seeking to move away 

from the exploitation of fossil fuels. In this 

context, Dye-sensitized solar cells (DSSCs) 

have proved to be trustworthy alternatives 

to silicon-based cells with advantages in 

terms of transparency and efficiency under 

low illumination conditions. These devices are highly dependent on the ability of the sensitizer 

that they contain to collect sunlight and transfer an electron to a semiconductor after excitation. 

Ruthenium and polypyridine complexes are benchmarks in this field, as they exhibit ideal 

characteristics such as long-lasting metal-ligand charge transfer (MLCT) states and efficient 
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separation between electrons and holes, limiting recombination at the dye-semiconductor 

interface. Despite all these advantages, ruthenium is a noble metal, and the development of more 

sustainable energy devices based on earth-abundant metals is now a must. A quick glance at the 

periodic table reveals iron as a potential good candidate, since it is in the same column as 

ruthenium that suggests similar electronic properties. However, striking photophysical 

differences exist between ruthenium(II) polypyridyl complexes and their Fe(II) analogues, the 

latter suffering from short-lived MLCT states resulting of their ultra-fast relaxation into metal-

centered (MC) states. Pyridyl-N-heterocyclic carbenes (pyridylNHC) brought a strong -donor 

character required to promote a higher ligand field splitting of the iron d orbitals, resulting in a 

destabilization of the MC states over the MLCT manifold with slowdown of the excited state 

deactivation providing iron(II) complexes with tens of picoseconds lifetimes making them more 

promising for applications in DSSCs. This account highlights our recent advances in the 

development and characterization of iron-sensitized solar cells (FeSSCs) with a focus on the 

design of efficient sensitizers going from homoleptic to heteroleptic complexes (bearing different 

anchoring groups) and on electrolyte contents. Our rational approach led to the best photocurrent 

and efficiency ever reported for an iron sensitized solar cell (2% PCE and 9 mA/cm2) using a co-

sensitization process. These works clearly evidence that the solar energy conversion area based 

on iron complexes sensitization is now opened. 

Key references 

▪ Duchanois, T.; Etienne, T.; Cebrián, C.; Liu, L.; Monari, A.; Beley, M.; Assfeld, X.; 

Haacke, S.; Gros, P. C. An Iron-Based Photosensitizer with Extended Excited-State 

Lifetime: Photophysical and Photovoltaic Properties: An Iron-Based Photosensitizer with 

Extended Excited-State Lifetime. Eur. J. Inorg. Chem. 2015, 2015 (14), 2469–2477.1  
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This paper was the very first proof-of-concept of an FeNHC-sensitized DSSC using a 

dicarboxylic homoleptic iron complex. 

  

▪ Reddy Marri, A.; Marchini, E.; Diez Cabanes, V.; Argazzi, R.; Pastore, M. ; Caramori, S. 

; Gros, P.C. Record power conversion efficiencies for Iron (II)-NHC-sensitized DSSCs 

from rational molecular engineering and electrolyte optimization J. Mater. Chem. A, 

2021, 9, 3540-3554.2  

In this paper, we investigated a series of new heteroleptic complexes (mono carboxylic) 

and improved the photocurrent significantly by combining them with a newly designed 

electrolyte. 

 

▪ Reddy Marri, A.; Marchini, E. ; Diez Cabanes, V. ; Argazzi, R.; Pastore, M. ; Caramori, 

S. ; Bignozzi, C.A.; Gros, P.C., A series of Iron(II)-NHC Sensitizers with record power 

conversion efficiency in photoelectrochemical cells, Chem. Eur. J., 2021, 27, 16260–

16269.3  

We have demonstrated that the electronic properties of the Fe sensitizer could be deeply 

modified by substitution on the ligand not attached to the semiconductor and favour 

charge separation by push-pull effects. This boosted both the photocurrent and efficiency. 

 

▪ Reddy-Marri, A.; Marchini, E.; Cabanes, V. D.; Argazzi, R.; Pastore, M.; Caramori, S.; 

Gros, P. C. Panchromatic Light Harvesting and Record Power Conversion Efficiency for 

Carboxylic/Cyanoacrylic Fe(II) NHC Co-Sensitized FeSSCs. Chem. Sci. 2023, 14 (16), 

4288–4301.4 

The co-sensitization of the semiconductor using two different iron complexes one of them 

bearing cyano acrylic moieties has been investigated. It produced a panchromatic 

absorption and photocurrent improvement up to 9 mA.cm-2 never obtained for a Fe-

sensitized DSSC. 

  

Introduction 

Nowadays, dye-sensitized solar cells (DSSCs) have reached a mature technology level, 

representing a valuable opportunity to build solar cells highly modulable in shape, transparency 

and color.5 Moreover, a peculiar merit of DSSCs is the possibility of being efficiently employed 

in indoor conditions,6,7 paving the way to their use as power sources in Internet of Things (IoT) 

devices and wireless network sensors in ambient environments.8   
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DSSC functioning mechanism, schematized in Figure 1a), mimics the way nature absorbs 

energy from the sun: a semiconductor (SC, generally TiO2) sensitized with a dye is, indeed, at 

the core of this photovoltaic technology.9  

 

Figure 1. a) Operating scheme of a DSSC. Continuous green/orange arrows are used to indicate 

the desired electron transfer processes, whereas dashed red lines indicate parasitic recombination 

processes; Adapted with permission from ref.10. Copyright 2023 Elsevier.  b) Energetics of the 

electron transfer between a donor (left side) and a quasi-continuum of acceptor states (right side) 

typical of dye/SC interfaces. Adapted with permission from ref.11. Copyright 2013 Springer 

Nature.  

Upon solar light absorption (1), the sensitizer injects the photoexcited electron into the SC’s 

conduction band (2). A redox mediator (generally the I3
-/I- couple in an electrolyte) then 

regenerates the ground state of the sensitizer (3) and is finally restored at the cathode, closing the 

electrical circuit (4).  

The cell efficiency is defined as:         
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where Voc (the open circuit voltage) is the difference between the quasi-Fermi level (Ef) of TiO2 

under illumination and the redox potential of the redox couple (R+/R), JSC is the short circuit 

photocurrent density, FF is the fill factor and PI is the intensity of the incident light. JSC is 

defined as integral over the solar spectrum of the monochromatic incident photon to current 

conversion efficiency (IPCE) under short circuit conditions: 

IPCE=LHE x inj x COLL (2) 

where LHE is the light harvesting efficiency of the photoelectrode, inj the quantum yield of 

electron injection and COLL the electron collection efficiency at the TCO. From a 

phenomenological point of view, the quantum efficiency for charge injection inj is given by the 

ratio between the electron transfer rate constant (  and the sum of all the rate constants 

causing deactivation of the excited state.   

 

The probability of electron transfer involving the excited state of the sensitizer and the 

acceptor states in the semiconductor (Figure 1b)) can be treated non-adiabatic radiationless 

process12 in the framework of the Fermi’s  “Golden Rule”: 

   (4) 

Where kinj is rate constant of the transition from the initial state (i) to the final state (f), 

depending on the product of the squared matrix element Vif with the density of final states 

(charge separated states) isoergonic with the initial states.    where  and 
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are the wavefunctions of the initial and final state and H represent the perturbation 

Hamiltonian that promotes the transition (i.e. non adiabatic coupling operators).13   Thus, the 

probability  of electron transfer kinj  depends both on the energetic (through  and spatial 

overlaps (through   of the initial and final states involved in the transition (see Figure 1b)).  It 

is clear from (3)  that   1 only if   , or, in other words,  should be at least 

one order of magnitude larger than the sum of the other wasteful deactivation rate constants. 

Thus, it is clear from equations (3) and (4) that a rational design of an efficient sensitizer should 

try to optimize the energetic and spatial properties of the excited state for a fast charge injection, 

and, at the same time, increase the excited state lifetime (i.e. decrease as much as possible the ki 

competing with kinj.)   

In the last decades, the development of new materials to increase the devices’ stability and 

optimize the photovoltaic performances, has represented the main focus of the scientific and 

technological research.14–17 In the last years, increasing efforts addressed the sustainability and 

greenness of the developed materials applying a holistic approach.18–21 Historically, ruthenium-

based sensitizers are the gold standard,22,23 having reached the highest certified efficiency for 

DSSCs (12.3%). This leadership has been achieved thanks to exceptional properties of these 

sensitizers24–27 combining long-lived MLCT states from which the electron is transferred into the 

semiconductor conduction band (CB) and efficient electron-hole separation thus limiting the 

back-recombination processes.28–30 

Nonetheless, ruthenium has been included in the list of critical raw materials (CRMs) by the 

EU, thus, hampering any potential future large-scale application.  
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The attention has been thus focused on alternative sensitizers such as earth abundant transition 

metal complexes31,32 or metal-free conjugated compounds.33–35 The first iron-based sensitizer was 

reported by Ferrere36,37 using cis-FeII(2,2′-bipyridine-4,4′dicarboxylic acid)(CN)2 with albeit a 

very poor photoconversion efficiency. This fate is a consequence of the short-lived MLCT states 

of Fe(II) polypyridine complexes resulting of an ultrafast (fs regime) relaxation to metal centered 

(MC) states and subsequent ground-state recovery.38–43 The advent of N-heterocyclic carbenes 

(NHC) as strong field ligands has sparked the revival of the quest for iron complexes with long-

lived MLCTs resulting in a destabilization of the MC states over the MLCT manifold with 

slowdown of the excited state deactivation (Figure 2).44–50  

Indeed, besides DSSCs, the development of a photochemically stable class of first row metal 

complexes with long lived excited or charge separated states holds out the hope of widespread 

applications in photocatalysis and in the emerging field of photoredox chemistry.51,52  

This strategy has paved the way for the preparation of iron(II) complexes with MLCT state 

lifetimes of tens of picoseconds, giving more credit for their potential application in DSSCs. 

Despite the remarkable progresses in the lifetimes of iron(II) MLCT states, however, fabrication 

of efficient DSSCs devices has proved to be challenging, with reported record efficiency of 

about 2%4  that are still far from those reported for ruthenium(II) dyes. However, this field is still 

at its infancy, and there are still many options to improve the overall efficiency by exploring the 

use of different redox shuttles and optimizing the semiconductor electrodes.  
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Figure 2. Energetic landscapes of a Fe(II) polypyridine complex (left) and Fe(II) pyridylNHC 

complex C1 (right). Reprinted with permission from ref.46. Copyright @ 2016 American 

Chemical Society 

 

This account highlights the recent advances in the development of iron-sensitized solar cells 

(FeSSCs), that are essentially based on two different strategies: the chemical engineering of the 

dye3,4,53–56 and the optimization of the electrolyte composition.2,57–59 The impact of the sensitizer 

design, the electrolyte contents as well as the energetics and charge transfer processes at play in 

iron FeSSCs will be discussed on the basis of photoelectrochemical, photophysical and 

computational investigations.  

 

Photoelectrochemical investigations with a prototypal homoleptic sensitizer  

The prototypal sensitizer first investigated was complex C1 (Figure 2, right)1,60 where the iron 

center is coordinated to two pyridyl(NHC)2 ligands, where both ligands have been equipped with 

a carboxylic function required for the chemisorption on TiO2 surface and to ensure the electronic 

transfer. The four NHC ligands surrounding the metal combined to the electron-withdrawing 
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COOH on the central pyridine promoted an unprecedented increase of the MLCT lifetime up to 

18 ps.1,60 Warnmark et al have performed ultrafast time-resolved THz spectroscopy analysis on a 

separate C1-sensitized TiO2 photoanode (in the absence of any other DSSC components) that 

revealed that the interfacial injection should promisingly occur with 92% yield.60  

We have assembled the first DSSCs using C1 as a sensitizer and their photoelectrochemical 

properties were investigated (Table 1 and Figure 3) and rationalized based on the results of 

theoretical calculations.2,53 The SC was a commercial transparent TiO2 (20 nm nanoparticles, 

Greatcell Solar 18NR-T) made with (BUL) and without (no BUL) a blocking underlayer obtained 

by first spin coating  0.3 M Ti(OiPr)4 (0.3 M ) on the FTO (conducting glass). A range of 

electrolytes was tested, including Solaronix Iodolyte AN50 (that contains tBuPyridine as basic 

additive to improve the open circuit voltage of the cell)61 and a base-free formulation consisting 

in LiI (0.1 M), I2 (0.1 M), PMII (1-methyl-3-propyl-imidazolium iodide, 0.6 M) in acetonitrile. 

This formulation was modified by addition of either MgI2 (0.05 M) (el1) or MgI2 (0.1 M) + 

GuNCS (Guanidinium thiocyanate, 0.1 M) (el2) or MgI2 (0.1 M) + GuNCS (0.1 M) + TBAI 

(tetrabutylammonium iodide, 0.1 M) (el3)  

 

Table 1. Efficiency parameters from C1-sensitized DSSCs containing various electrolytes with 

or without a Blocking underlayer (BUL).  

BUL electrolyte Jsc/(mA.cm-2) Voc (V) FF PCE% 

no iodolyte AN50 0.41 0.46 0.68 0.13 

no el1 2.34 0.38 0.55 0.49 

yes el1 3.34 0.38 0.59 0.75 

yes el2 3.30  0.44 0.63 0.92 
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 At first, Iodolyte AN50, an electrolyte optimized for ruthenium dyes like N719, led to a 

very poor efficiency,1 that has been traced back to fast recombination dynamics with the 

electrolyte,36 and to an inappropriate direction of the charge flow in the lowest MLCT states of 

the homoleptic compound, impeding electron injection.53 DFT calculations of C1@TiO2 

electronic structure and electron injection kinetics revealed that the lowest-energy MLCT state 

indeed promotes charge transfer from the metal to the not-anchored NHC ligand, thus quenching 

the electron injection (see the LUMO/LUMO+1 localization in the top of Figure 4). 

Switching to el1 and its Mg2+content significantly improved both the photocurrent and the 

efficiency. The blocking underlayer (BUL) expected to prevent recombination of photoinjected 

electrons with I3
-, promoted a notable improvement in photovoltaic efficiency (from 0.49 to 0.75 

%). el2, containing GuNCS and MgI2 (0.1M) led to an unprecedented performance for a Fe(II) 

sensitizer, with Jsc=3.3 mA/cm2, Voc = 0.44 V, FF=0.63 and PCE≈1%.62 GuNCS slightly 

enhanced the fill factor and Voc, signing an effect on recombination inhibition, while Mg2+, a 

high charge density cation, capable to adsorb onto the TiO2, enhanced the surface dipole for 

charge injection and brought a surface excess of I-, thus accelerating dye regeneration.63,64 
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Figure 3. a) J/V curves of C1 sensitized cells filled with el1 and el2 electrolytes under AM 1.5G 

illumination and in the dark (dotted lines). b) Photoaction spectra (IPCE vs λ) showing a 

maximum efficiency of ca. 50% in the best conditions. APCE (APCE=IPCE/LHE) in inset. Data 

from ref. 57 
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Figure 4. Calculated (B3LPY*/6-311G(d)//PCM(MeOH)) partial density of states (PDOS) for 

the C1@TiO2 (top) and C1@Mg2+TiO2 (bottom) interface models.  Filled red/blue profiles 

correspond to C1 PDOS while black lines plot the TiO2 PDOS. The isosurface density plots of 

LUMO and LUMO+1 are also shown to represent the inversion of the charge transfer direction 

at the interface when Mg2+ cations are adsorbed. Data from ref. 2 

 

The effect of the Mg2+ salts in the electrolyte on the photocurrent was rationalized by 

modelling the C1@Mg2+TiO2 interface (bottom panel in Figure 4). Localizing the positive 

charge close to the anchoring unit stabilizes the CT toward the surface-adsorbed ligand allowing 

the lowest-energy MLCT transition to recover the appropriate directionality thus promoting an 

ultrafast electron transfer.   

Housecroft and coworkers have studied in detail the impact of imidazolium salts’ nature and 

their associated anions in electrolytes (in the absence of Mg2+) on cell efficiency. Using C1 as 

the sensitizer, the efficiencies never exceeded the 0.5-0.6% range.65
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 We have examined the charge transfer dynamics state using transient absorption 

spectroscopy (TAS) in the ns-ms time scale, in order to investigate the recombination and 

regeneration kinetics relevant for the operation of the DSSC (Figure 5). Figure 5b shows that the 

photoinjection from C1 into TiO2 is almost instantaneous for the instrumental response of the 

spectrometer, (FWHM 7 ns), producing a long lived charge separated state (e-(TiO2)/Fe(III)), 

having as a main spectral fingerprint, the bleaching of the 510 nm MLCT band surviving 

hundreds of milliseconds.  Photogenerated Fe(III) could be reconverted to Fe(II)  with a nearly 

unitary efficiency by I-  at the concentration used for the photoelectrochemical measurements of 

Figure 3, showing that the competition between recombination and regeneration is not critical 

with the optimized electrolytes (Figure 5a). However, the TAS spectra at early delays (0-4 ns) 

revealed a narrowing and blue shifting of the ground state bleaching band concomitant to the 

disappearance of a weak absorption band in the lower energy region (λ > 650 nm). These 

features were assigned to the relaxation of a residual population of the lowest triplet state (T1) 

unable to inject, consistent with the APCE ≈ 50% in the best conditions of Figure 3b and 

indicating the persistence of a less than optimal kinetic competition between electron transfer 

and non-radiative excited state decay.   
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Figure 5. a) TAS of C1 chemisorbed on TiO2 in contact with LiClO4 (0.1M) in ACN (532 nm 

excitation) at short delays (4 ns) after the laser pulse; b) Charge recombination kinetics in 

C1@TiO2 photoanodes at 500 nm measured under different excitation energies. Data from ref. 57 

 

Impact of dissymmetry in sensitizers  

As discussed above, the pioneering work of the prototypal C1 revealed an incomplete electron 

injection, resulting from a charge transfer vs excited state’s deactivation kinetic competition that 

originate from a non-optimal electronic coupling due to lack of directionality of the MLCT 

excited state, arising from the symmetric design of C1.53 We have therefore focused on the 
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synthesis of a collection of sensitizers based on heteroleptic complexes deprived of one of the 

COOH groups and enabling electronic modulations by decorating the 4 position released on the 

central pyridine (Figure 6).2,3 All these heteroleptic complexes have been prepared according to 

the statistical approach that we have developed (Scheme 1). Along  the same line, the group of 

Warnmark also prepared push-pull complexes C2 and C3 bearing diphenylamino groups.54   

(Figure 6).   

 

Scheme 1. General synthetic route to ligand precursors and heteroleptic complexes of Figure 6. 

 

Figure 6. Chemical structures of heteroleptic complexes and of prototypal complex C1  
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The efficiency parameters obtained from DSSC sensitized with complexes of Figure 6 are 

collected in Table 2. In each case the photoanode/cathode characteristics and the electrolytes 

used are indicated.  

The results obtained with ARM13, ARM11 and ARM7 revealed that the introduction of an 

aromatic spacer between the complex and the COOH group, intended to suppress the spatial 

overlap between the injected electron and Fe(III), and thus slow down recombination, was found 

deleterious for the photocurrent, despite the increased optical absorption, also pointing to the fact 

that injection rather than recombination is a limiting factor with this design of  Fe(II) sensitizers.2 

This was explained by the relative percentages of electron density localized on the anchoring 

COOH: respectively 16.3%, 8.3 % and 6.7% for ARM13, ARM7 and ARM11(Figure 7). These 

values were directly correlated with the photocurrents of 3.95 (ARM13), 3.55 (ARM7) and 2.69 

mA/cm2 (ARM11) reported in Table 2. 

 

14%

69.7%

16.3%

11.6%

58.5%

6.7%

23.2%

17.9%

44.8%

8.3%

29%

ARM13 ARM11 ARM7

    

Figure 7. Electron Natural Transition Orbitals (NTOs) in ARM13, ARM11 and ARM7 with the 

percentages of delocalization. Data from ref. 2 
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Table 2: Cell efficiency parameters from Fe(II)NHC (Figure 6)-sensitized solar cells using 

different photoanodes and cathodes as well as various electrolytes contents. 

Sensitizer Electrolyte Jsc (mA/cm2) Voc(V) FF (%) PCE (%) reference 

N719a,c el2 12.84 0.48 58 3.57 2 

C1 a,c el2 3.64 0.45 62 1.02 2 

C1b,c el2 4.02 0.51 59 1.14 2 

C1a,d el3 5.60 0.44 56 1.39 3 

C1e,f el4 2.09 0.47 75 0.63 54 

ARM7a,c el2 3.55 0.44 60 0.94 2 

ARM11 a,c el2 2.69 0.46 63 0.78 2 

ARM13 a,c el2 3.95 0.49 61 1.18 2 

ARM13 a,c el3 4.44 0.45 64 1.27 2 

ARM13b,c el2 4.26 0.51 59 1.29 2 

ARM13b,c el3 4.98 0.47 62 1.44 2 

ARM16 a,c el3 4.87 0.43 59 1.24 3 

ARM122 a,c el3 4.82 0.37 51 0.91 3 

ARM130 a,c el3 5.59 0.44 58 1.43 3 

ARM122 a,d el3 6.11 0.39 49 1.17 3 

ARM130 a,d el3 6.80 0.47 57 1.83 3 

ARM14 a,d el3 6.03 0.47 59 1.68 3 

ARM15 a,d el3 6.07 0.43 61 1.58 3 

ARM16 a,d el3 5.81 0.47 57 1.56 3 

ARM132 a,d el3 5.20 0.35 61 1.11 3 

C2 e,f el4 3.52 0.51 72 1.2 54 

C3 e,f el4 3.23 0.42 69 0.8 54 

a PEDOT cathode was used. b Reflective platinum coated cathode. c 16 m TiO2. d 20 m TiO2 

+ scattering layer. e el4 = LiI (0.1M), I2 (0.05M) and 1,2-dimethyl-3-propylimidazolium iodide 

(0.6 M) in 3-methoxypropionitrile. f 32 m TiO2 + scattering layer 
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Among ARM13, ARM11 and ARM7, the best PCE was recorded for ARM13 (1.18%) 

offering the best photocurrent (3.95 mA/cm2), photovoltage (0.49 V) and FF (61 %). Notably 

ARM13 displayed the lowest dark current in agreement with the best Voc obtained in this series 

(Figure 8). 

 

Figure 8. J/V curves obtained with el2 under AM 1.5G illumination (solid lines) and in the 

dark (dotted lines). Data from ref.2 

 

Notably the computed interfacial electron injection kinetics agreed with the photocurrents 

measured for C1 and ARM13, indicating a slightly higher electronic coupling (0.179 vs. 0167 

eV) for ARM13, despite its weaker light harvesting capability.2 

The effect of substituents on the pyridine ring has been investigated first on ARM122 bearing 

a donating dimethylamino group, ARM16 decorated with an electron withdrawing 

difluorophenyl group and ARM130 with its donating dimethoxyphenyl group. When ARM16, 

ARM122 and ARM130 were chemisorbed on a 16 µm TiO2 and el3 was used. 1.43 %. 1.24 %, 

and 0.91 % PCE were obtained for ARM130, ARM16, and ARM122 respectively. A scattering 
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top layer was then applied to better collect light at longer wavelengths that are poorly absorbed 

by our sensitizers.3  

Thanks to this top ayer, all the sensitizers performed better, ARM130 being the best in the series 

with a Jsc of 6.33 mA/cm2, a Voc of 0.46 V and a PCE of 1.65%. Thickening the transparent 

active TiO2 layer to ca. 20 µm (the light scattering overlayer was maintained) extended slightly 

the photoconversion threshold beyond 700 nm with the best photoconversion observed in the 

450-650 nm range in agreement with the MLCT absorption of the sensitizers (Figure 9a). The 

J/V curves (Figure 9b) were in line with the action spectra, ARM130 showing the best 

combination of Jsc (ca. 7 mA/cm2) and Voc (0.47V) leading to a PCE of 1.83%. The sensitizers 

bearing an aromatic group as substituents gave much better efficiencies that those directly 

substituted by an heteroarom i.e. ARM122 and ARM132 (PCE% = 1.17 and 1.11 respectively). 

The push-pull sensitizers C2 and C3 decorated with diarylamino groups reported by Warnmark 

and chemisorbed on a 32 mm TiO2 + scattering layer led to almost the same efficiency as 

ARM122 with albeit a ca half value for the photocurrent.54 Note that the electrolyte used here 

did not contain Mg2+, GuSCN and TBAI.  

 

Impact of the anchoring group 

Since the anchoring group’s interaction with the surface of the photoanode is critical to ensure an 

efficient injection and to prevent back recombination processes, the effect of the anchoring 

functionality has been investigated.33 We have introduced the thienylcyanoacrylic moiety 

(ThCA) as anchoring group66,67 that has been reported to exhibit a robust S…CN bond leading to 

two intramolecular charge transfers that should enhance the electron transfer.67 Thus ThCA has 

been introduced on the complexes following Scheme 2.4 
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Figure 9. (a) IPCE spectra and the corresponding integrated photocurrent (dotted lines). (b) J/V 

curves under AM 1.5G illumination and in the dark (dotted lines) in the presence of el3.  A 

photoanode ca. 20 µm thick TiO2 plus a scattering layer were used. Data from ref. 4 
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Scheme 2. Synthesis of ligand precursors and complexes ARM12 and AM242 

 

The absorption spectra of C1, ARM12 and ARM242 chemisorbed on a 13m TiO2 anode 

showed a strong red-shift of the MLCT band with ARM12 and ARM242 that however leaves an 

almost transparent window between 400 and 500 nm, where, in contrast C1 strongly absorbs. 

Thus, to further improve the spectral sensitivity of the photoanodes, we have performed the co-

sensitization of C1 and ARM12 that resulted in a nice panchromatic absorption from 450 to 700 

nm (Figure 10).4 DSSCs have been assembled including these sensitizers. A 20 m TiO2 with a 

scattering top layer, PEDOT-based counter electrode and el3 were used. The photovoltaic results 

are found in Table 3. 
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Figure 10. Absorption spectra (an identical dye-free electrode was used as a reference) of C1 

ARM12, ARM242 and (ARM12 + C1) loaded on 13 µm TiO2. Data from ref. 4 

 

Table 3: Cell efficiency parameters from thienocyanoacrylic based-FeSSCs  

Sensitizer Jsc (mA/cm2) Voc(V) FF (%) PCE (%) 

ARM12 7.84 0.39 56 1.71 

ARM242 6.64 0.39 59 1.52 

C1 5.27 0.45 55 1.30 

C1+ARM12 8.63 (8.74)a 0.42 (0.43)a 55 (55)a 1.98 (2.06)a 

a Values reported in parentheses represent the parameters associated to 

the best cell. 

 

The photocurrent current reached 7.84 mA/cm2, 6.64 mA/cm2 and 5.27 mA/cm2 with a PCE of 

1.71%, 1.52% and 1.30% for ARM12, ARM242 and C1 respectively (Figure 11a and Table 3).  
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Figure 11.  a) J/V curves for the Fe(II)NHC-sensitized TiO2 electrodes (20 µm + scattering 

layer) under AM 1.5G illumination and in the dark (dotted lines). b) Absorbed Photon to Current 

Conversion Efficiency (APCE) spectra according to APCE=IPCE/LHE. Data from ref. 4 

 

 

These photocurrent densities are the highest ever reported for an iron-based DSSC. The lower 

performances of ARM242 compared to ARM12 can result from both a slightly lower injection 

quantum yield (see APCE, Figure 11b) and a faster recombination with I3
- signed by a less 

negative threshold of the dark current in Figure 11a.  

Computing the electronic structure of the dye@TiO2 interface and the electronic dye/metal oxide 

coupling allowed to rationalize the results and to quantify the impact of the ThCA anchoring 
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group on electron injection efficiency. As displayed in Figure 12a, the ThCA unit promoted a 

significant motion of the electron density from the Fe-NHC core towards the carboxylic group, 

inducing a larger electron delocalization around the anchoring moieties (almost 16% increase) 

for ARM242 with respect to ARM13. Based solely on the optoelectronic properties of the 

standalone sensitizers (red-shifted absorption and higher electron localization on the anchoring 

group), higher photocurrents and higher PCEs for the ThCA-based dyes with respect to 

ARM13/C1 could be expected. However, when chemisorbed on SC, the ThCA-based sensitizers 

were found strongly bent toward the surface, as a consequence of the extension of the  -

conjugation increasing the Van der Waals interactions with the TiO2 substrate. This particular 

configuration, breaking the electronic communication between the dye and the surface, weakens 

the LUMO-CB states electronic coupling, despite the larger fraction of charge localized upon 

excitation on the anchoring group (Figure 12a).  

By calculating the electronic coupling of the dye’s LUMO with the TiO2 CB states, the electron 

injection probability (Γinj) over the semiconductor manifold of unoccupied levels was 

quantitatively estimated (Figure 12c). The Γinj values estimated for ARM242, regardless of the 

LUMO position (driving force), are always lower with respect to the ones displayed by the 

COOH reference dye, indicating that the reduction in the electronic coupling due to the breaking 

of the dye-TiO2 electronic conjugation has a quite sizable impact on the injection efficiency. 
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Figure 12. a) NTOs in ARM13 and ARM242 with the percentages of charge delocalization for 

each fragment (isovalue 0.02 a.u.); b) Optimized structure of ARM12@Mg2+TiO2 showing tilted 

angles (θ) between the normal surface vector and ARM12; c) Probability distribution Γ(ε) for 

electron injection from the LUMO of ARM13 (blue) and ARM242 (red) dyes to the TiO2-Mg2+ 

states within the energy region of the TiO2 CB edge. Data from ref. 4 
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By combining, however, the remarkable absorption red-shift in the broadening of the absorption 

domain, we obtained for the C1+ARM12 co-sensitization a photocurrent of 9 mA/cm2 and an 

average PCE of 2% that represents the best efficiency ever reported for a n-type sensitization by 

Fe(II) dyes.4  

 

Conclusions and perspectives 

In this account we demonstrate that iron-sensitized solar cells (FeSSCs) have now to be 

considered as potential earth-abundant metal-based alternatives to their noble metal containing 

analogues. This has been made possible by our efforts to combine a quantum chemical 

simulation assisted rational molecular design of Fe(II)NHC sensitizers, with an accurate 

experimental characterization of the interfacial electron transfer and recombination processes, 

allowing for electrolyte and device optimization. This synergic approach allowed to boost the 

cell efficiency from 0.13% and 0.41 mA.cm-2 in the very first attempts with an homoleptic 

sensitizer up to 2% (multiplied by a factor of 15) associated with the production of a 9 mA.cm-2 

photocurrent (multiplied by a factor of 22) never reached yet in a FeSSC using tailor-made 

heteroleptic sensitizer photoanodes and electrolytes. 

However, while being outstanding in the framework of iron-sensitizers solar cells, these 

performances are not yet sufficient to beat the ruthenium gold standard and improvements are 

necessary. Two main axes of progress can be identified. The Voc that until now peaks at about 

0.45 V is hampering the production of higher photocurrents, it could be increased by a judicious 

chose of additives to play with the Fermi level of the semiconductor. New sensitizer designs 

need to be imagined especially those with extended absorption domains. In this context, the 

recently developed homo inversion concept that consists in increasing the energy of ligand -

orbitals via an increase of delocalization is a promising route to reach this goal. Preventing the 
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bending of the sensitizer on the TiO2 surface should be also investigated by designing various 

multifunctional anchoring sites in order to promote a rigidification at the dye/SC interface. 

To conclude, we think that this account will serve as a foundation for future works in the area 

of iron-based sensitization for electron transfer that, while in its infancy can be considered as 

realistic and opens a playground for searchers involved in the course for the transition towards 

cheaper and ecofriendly solar devices.     
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