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ABSTRACT 

In order to take on the challenge of the world energy issues, there is a necessity to identify 

alternative energy sources to the fossil fuels. The sun represents the most abundant source of 

energy, and one way to harvest it is by photovoltaic devices directly converting sunlight into 

electricity. Among all photovoltaic devices, the dye-sensitized solar cells have attracted much 

interest because of the potential to be commercialized thanks to the cheap materials and the 

low-cost production processes. However, there are still issues to overcome, mainly related to 

the stability of the devices relating to the electrolyte components. 

In this project, a new type of electrolyte systems based on copper complex redox couples were 

synthetized and applied to DSSCs. Different monodentate ligands were investigated, in 

particular 2-mpy, 3-mpy and 4-mpy were coordinated by the copper metal centre. Several 

experimental techniques were used to characterized the products of synthesis, such as 
1
H NMR 

spectroscopy, mass spectrometry, powder X-ray diffraction and elemental analysis. The 

electrolyte properties were studied by UV-Vis spectrophotometry and cyclic voltammetry. The 

performance of the resulting solar cells was investigated by photocurrent 

density/photovoltage and incident photon-to-current conversion efficiency measurements and 

the recombination loss processes were studied by impedance spectroscopy and electron 

lifetime determinations.  

The redox couples based on 2-mpy and 3-mpy as ligands gave DSSC devices with very high 

open-circuit voltage up to 0.94 V and overall conversion efficiency up to 9.1% at 1 sun 

illumination. This is one of the highest conversion efficiencies recorded for copper based DSSC 

electrolytes and much higher than the solar cells containing the reference [Co(bpy)3]
2+/3+

 redox 

system. 

The high photo voltage, was attributed to the large resistance to electron recombination 

losses, which lead to a higher charge in the conduction band of the TiO2 moving it to more 

negative energies. This was also confirmed by the longer electron lifetime in the presence of 

the copper redox couples than the reference cobalt one. 

The TBP Lewis base additive was replaced by the methylpyridine ligands to mitigate ligand 

exchange problems. The replacement was successful using 3-mpy as additive as well as ligand 

to the copper ions. 

In continuation of this work, the other components of the device and the assembly process 

should be optimized. Moreover, single crystals of the copper systems should be grown to 

determine the exact structure and thus offer a better understanding of the processes that 

might take place in the device. 

An interesting project would be to try a one-pot electrolyte formulation, i.e. where all the 

reactants, solvent and additives are mixed and directly injected into the device. This is a good 

strategy to avoid the pre-syntheses and all the problems related to those. 
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SAMMANFATTNING 

För att kunna ta sig an utmaningen med världens energiförsörjning, så måste alternativa 

energikällor till fossila bränslen identifieras. Ljus från solen utgör den mest tillgängliga källan till 

energi, och ett sätt att direkt omvandla denna energi till elektricitet är genom solceller. Bland 

olika typer av solceller, så har färgämnessensiterade solceller (DSSC) fått mycket 

uppmärksamhet pga deras kommersialiseringspotential med utgångspunkt i låg 

tillverkningskostnad. Det finns dock utmaningar som måste hanteras, huvudsakligen rörande 

stabilitet ssk avseende cellernas elektrolyt. 

Det här projektet omfattar studier av elektrolyter baserade på kopparkomplex som 

redoxsystem för DSSC. Särskilt kopparkomplex baserade på monodentata ligander, såsom 2-

mpy, 3-mpy och 4-mpy, har studerats. Karaktärisering har baserats på flera olika tekniker, 

såsom 
1
H-NMR-spektroskopi, masspektrometri, pulverdiffraktion och elementaranalys. 

Elektroyuternas egenskaper har studerats genom UV-Vis-spektrofotometri och cyklisk 

voltametri. De resulterande solcellernas prestanda har undersökts genom 

fotoström/forospänningsstudier och IPCE-spektroskopi, samt rekombinationsförluster har 

kartlagts genom impedansspektroskopi och bestämning av fotoelektronernas livslängd. 

Redoxsystem baserade på 2-mpy och 3-mpy som ligander gav solceller som uppvisade mycket 

höga fotospänningar upp till 0,94 V och omvandlingseffektiviteter upp till 9,1% vis 1 sols 

bestrålning. Dessa prestanda är bland de högst uppmätta för DSSC baserade på 

kopparinnehållande elektrolyter och betydligt bättre än för referenssystem baserade på 

elektrolyter med [Co(bpy)3]
2+/3+

 som redoxpar. 

De höga fotospänningar som uppmätts tillskrivs en hög resistens mot rekombinationsförluster, 

vilket leder till högre laddning i ledningsbandet för TiO2 som i sin tur ger mer negativa 

energinivåer. Detta stöds även av de längre elektronlivslängder som uppmätts för system med 

kopparbaserade redoxsystem. 

Lewis-basen TBP, en vanlig additive till DSSC-elektrolyter, ersattes I dessa system med 

metylpyridinliganderna för att motverka problem med ligandutbyte. Detta utbyte var mest 

framgångsrikt för 3-mpy som additiv och samtidig ligand till kopparjonerna. 

Framtida studier bör omfatta en optimering av komponenter och konstruktion av DSSC 

baserade på kopparsystemen. Enkristaller av kopparsystemen bör syntetiseras för detaljerad 

strukturbestämning och därmed en bättre insikt i processer som sker i elektrolytsystemen. 

E  i t essa t ut e kli g a  p ojektet o fatta s k o e-pot -formulering av elektrolyter, där alla 

reaktander, lösningsmedel och additiver blandas och direkt injiceras i solcellen. Detta utgör en 

god startegi för att undvika för-synteser och alla problem relaterade till dessa. 
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SOMMARIO 

Al fine di poter affrontare le sfide date dai problemi energetici mondiali, vi è il bisogno di 

trovare fonti di approvvigionamento energetico alternative ai combustibili fossili. Il sole 

app ese ta la iso sa e e geti a più a o da te, e u  odo pe  attu a e l e e gia è dato 
dai dispositivi fotovoltaici che ne convertono direttamente la luce in elettricità. Tra tutti i 

dispositivi fotovoltaici, le celle solari sensibilizzate con colo a te, D““Cs dall i glese dye-

sensitized solar cells, hanno attratto molto interesse per il loro potenziale ad essere 

commercializzate grazie ai materiali a basso costo di cui sono costituite e i bassi processi di 

produzione. Tuttavia, vi sono ancora molti problemi da superare per poterle commercializzare, 

legati soprattutto alla stabilità delle componenti elettrolitiche. 

In questo lavoro di tesi un nuovo tipo di sistemi elettrolitici consistenti in coppie redox basate 

su complessi di rame sono stati sintetizzati e applicati alle DSSCs. Differenti leganti 

monodentati sono stati investigati, in particolare la 2-mpy, 3-mpy e 4-mpy coordinate al rame 

metallico centrale. La caratterizzazione dei prodotti di sintesi è avvenuta attraverso diverse 

tecniche sperimentali, come la spettroscopia 
1
H NMR, la spettrometria di massa, la diffrazione 

a aggi X di pol e i e l a alisi ele e ta e. Le p op ietà elett oliti he so o state studiate t a ite 
spettrofotometria UV-Vis e voltammetria ciclica. Le prestazioni delle celle solari risultanti sono 

state investigate attraverso misurazioni di densità di fotocorrente/potenziale e efficienza 

quantica, mentre i processi di ricombinazione sono stati studiati con la spettroscopia di 

impedenza e determinazioni dei tempi di vita degli elettroni. 

Le coppie redox basate sulla 2-mpy e la 3-mpy come leganti hanno prodotto dispositivi DSSCs 

o  ele ato oltaggio a i uito ape to fi o a .9  V e u effi ie za di o e sio e fi o a 9. % 
sotto l illu i azio e di u  sole. Questa è u a delle più elevate efficienze di conversione 

registrate per gli elettroliti basati sul rame e risulta molto più elevata delle celle solari 

contenenti il sistema redox di riferimento [Co(bpy)3]
2+/3+

. 

 

L ele ato foto oltaggio è stato att i uito alla la ga esistenza alla ricombinazione, che porta ad 

un maggior numero di cariche nella banda di conduzione del TiO2, muovendolo verso energie 

più negative. Questo è stato confermato anche da un tempo di vita più lungo per la coppia 

redox basata sul rame rispetto alla coppia di riferimento in cobalto. 

La base di Lewis TBP, utilizzata tipicamente come additivo nelle celle solari, è stata sostituita 

dai leganti metilpiridinici per mitigare i problemi dovuti agli scambi di leganti. Tale sostituzione 

è stata un successo utilizzando la 3-mpy come additivo e contemporaneamente come legante 

del rame.  

In continuazione a questo lavoro, i componenti del dispositivo e il processo di assemblamento 

andrebbero ottimizzati. Inoltre, singoli cristalli dovrebbero essere cresciuti per determinare la 

struttura esatta dei complessi di rame e ottenere quindi una migliore comprensione dei 

p o essi he pot e e o a e  luogo all i te o del dispositi o. U  p ogetto i te essa te 
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o siste el p o a e la fo ulazio e elett oliti a o e pot , ossia mescolare reagenti, solvente 

e additivi e iniettarli direttamente nel dispositivo. Questa rappresenta infatti una buona 

strategia per evitare la sintesi e tutti i problemi ad essa relativi. 
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Abbreviations 

DSSC    Dye-Sensitized Solar Cell 

2-, 3-, 4-mpy  2-,3-,4-methylpyridine 

NMR   Nuclear Magnetic Resonance 

Bpy   Bipyridine 

TBP   4-tert-butylpyridine 

AM    Air mass 

FF    Fill factor  

FTO    Flourine doped tin oxide  

I    Current  

Jsc    Short circuit current density  

Voc    Open-circuit voltage  

NHE    Normal hydrogen electrode  

V    Voltage  

WE    Working electrode  

ɳ    Conversion efficiency  

IPCE    Incident Photon to Current Conversion Efficiency  

TCO    Transparent conducting oxide  

S°    Ground state  

S*    Excited state 

CB    Conduction band  

CE    Counter electrode  

ACN   Acetonitrile  

EIS    Electrochemical Impedance Spectroscopy   
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1. INTRODUCTION 

In the last decades, the dramatic increase of the world population and the consequent 

enhancement of the global consumption have led to energy limitation issues. According to the 

International Energy Agency, the total primary energy supply is mainly based on fossil fuels(1), 

the combustion of which has resulted in the environmental contamination and a greenhouse 

effect. Moreover, fossil fuels represent a non-renewable energy source, meaning that they are 

limited by nature and that there is the necessity to ensure energy security by the governments. 

Therefore, the need of alternative and sustainable energy sources is one of the most important 

challenges of the modern society. Nowadays, 13% of the global energy is provided by 

renewable sources, and in order to maintain the social and economic development of the 

society, it will be necessary to increase this percentage(2).  

A reasonable and realistic solution to the energy problem is offered by the Sun. In fact 3,8 EJ 

st ike the Ea th s su fa e e e  ea  a d if e o e ed o l  . % of the Ea th s su fa e ith 
solar cells with an efficiency of 10%, we would satisfy energy needs of the humanity(3). A key 

point to replace fossil fuels with solar cells is to produce devices able to reach high efficiency at 

low-cost production. Currently, silicon photovoltaic cells are dominating the market, with an 

efficiency up to 25.6% in the laboratory and 17% by industrially produced solar panels(4). 

However, high energetic costs and a complicated production process limit them from domestic 

and commercial applications. A promising alternative to the silicon-based solar cells is given by 

the dye-sensitized solar cells (DSSCs), which have been receiving much attention after the 

breakthrough paper published in Nature in 1991 by Michael Grätzel a d B ia  O ‘ega (5). 

Several advantages, such as the low production cost, the design opportunities like 

transparency and multicolor options, the flexibility, the short energy payback time and the 

enhanced performance under real outdoor conditions (in particular under diffuse light), make 

this technology suitable for commercial applications(6).  

One of the key components of a DSSC is the electrolyte, performing the task of charge transfer 

and dye regeneration. The most used electrolyte is based on the redox couple I
-
/I3

-
, because of 

the good penetration into the porous semiconductor film, the fast dye regeneration and the 

slow recombination rate with respect to injected photoelectrons. However, this redox couple 

corrodes the copper/silver contacts used to collect the electrons in large scale modules, 

absorbs a considerable part of the visible light spectrum, stealing it from the dye, and has a 

rather fixed redox potential that cannot be tuned and that is a bit too far on the negative side 

(with respect to the Normal Hydrogen Electrode scale) (8). Because of these reasons, its 

industrial applications have been limited. New redox couples have been developed to 

overcome the issues and increase the efficiency of the DSSCs. Metal complexes have been 

shown to represent a good alternative to the I
-
/I3

-
  couple, mainly because of the possibility to 

tune the redox potential by changing the ligand and their light absorption to avoid competition 

with the dye. The most stable and efficient metal redox mediator are based on cobalt. 
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However, mass transport limitation due to the size of these complexes and ligand exchange 

problems are limiting applicability. 

1.1 Aim of the thesis 

The purpose of this work has been to design, synthetize and investigate new complex redox 

couples based on copper, a very abundant element on the Earth. The idea came from the fact 

that most of the complex redox couples which have been studied so far present a complicated 

synthetic procedure, based on expensive reactants. Moreover, it is common to add 4-tert-

butyl-pyridine (TBP) in the electrolyte solution, a Lewis base that leads to ligand exchange 

problems. Because of this, instead a monodentate ligand, methylpyridine, which can be easily 

coordinated to the copper ions can be used. Since it is a Lewis base, the ligand also has the 

potential to replace TBP. Moreover, this kind of system could be prepa ed i  o e-pot , 
allowing all the reagents, additives and solvent to mixed a priori, and directly inject them in the 

solar cells; thus avoiding the pre-synthesis of specific redox components. This could be a good 

way to solve all the synthesis problems and save time and money as well. 

In the present work, 6 new copper redox components were synthetized, characterized and 

applied in DSSCs. The device performance was evaluated using I-V measurements, Incident 

photon-to-current conversion efficiency, impedance measurements and electron life time 

measurements. The properties of the redox mediators were investigated by cyclic voltammetry 

and steady state absorption techniques. 
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2. BACKGROUND 

2.1 Photovoltaic technologies 

Photovoltaics (PV), or solar cells, are electrical devices that directly convert sunlight into 

electricity classically employing semiconductor materials. Photovoltaics can be categorized into 

three different generations. The power conversion efficiency for both the first and second 

generation of solar cells is limited by the Schockley-Queisser limit of approx. 31 % for single 

band gap solar cells(7). The limiting power efficiency arises from energy losses incurred by 

relaxation of photons with energies higher than the band gap of the presumed semiconductor 

material, and the fact that photons with energies lower than the band gap will not contribute 

to the efficiency. 

 

 
Figure 1. Schematic diagram of the three generations of solar cells 

The first generation of solar cells are mainly based on silicon wafers and certified laboratory 

efficiencies of about 25% have been obtained for single crystal silicon cells. These types of solar 

cells dominate the commercial market and their benefits lie in their good performance, as well 

as their high stability. However, they are mechanically non-flexible and their costs are high due 

to the expensive extraction and purification processes required. This first generation of solar 

cells includes: monocrystalline silicon cells and polycrystalline silicon cells. 

The second generation is also known as conventional thin film solar cells, and is based on 

amorphous silicon, and mainly two non-silicon semiconductor materials, namely cadmium 

telluride (CdTe), and copper indium gallium diselenide (CIGS). The name comes from the fact 

that it is possible to use a film just a few microns thick, instead of the typically 100-200 

micronthick silicon wafers. The typical performance of thin film cells is around 10 - 15%. Since 

this kind of devices avoids the use of silicon wafers and thus causes a lower material 

consumption, it has been possible to reduce production costs as compared to the first 

generation of cells. However, as the production of the second generation of solar cells still 
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include vacuum processes and high temperature treatment, there is still a large energy 

consumption associated with the production of these solar cells. Furthermore, thin film solar 

cells are based on scarce and toxic elements and this is a limiting factor with respect to the 

price and large scale applications. 

The third-generation photovoltaic cells are solar cells that are potentially able to overcome the 

Shockley–Queisser limit of about 31% power conversion efficiency for single band gap solar 

cells. The goal of research on this generation of solar cells is to make solar energy more 

efficient over a wider band of solar energy (e.g., including infrared), less expensive so it can be 

used by more people, and to develop more and different applications. Currently, most of the 

work on third generation solar cells is being done in the laboratory, or being developed by 

start-up companies, and for the most part they are not commercially available. This generation 

of solar cells include: Dye-sensitized solar cells, Organic solar cells, Perovskite solar cells and 

Quantum dot solar cells.  

In Figure 2 the solar cell generations are summarized. 

 

 
Figure 2. Summary of the three photovoltaic generations 

2.2 Dye-sensitized Solar Cells 

Dye-sensitized solar cells (DSSCs), also known as Grätzel cells, are a device able to convert light 

into electricity. They differ from the conventional photovoltaic cells in the fact that the 

function of absorbing light and the function of charge carrier transportation are separated: a 

dye and titanium dioxide, respectively, take care of these two roles. 

A conventional DSSC configuration (Figure 3) basically consists of a thin-layer solar cell formed 

by sandwich arrangements of two transparent conducting oxide (TCO) electrodes on a glass 

substrate(8). The most commonly used substrate is glass coated with fluorine-doped tin oxide 

(FTO). The heart of the device is constructed with a layer of the light absorbing dye-adsorbed 

on a wide band gap nanocrystalline oxide semiconductor film, usually TiO2, an electrolyte 
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containing a redox mediator and a finely divided catalyst-coated counter electrode (the most 

common are platinum or PEDOT) onto TCO.  

 
Figure 3. Scheme of a conventional DSSC device 

2.2.1 Operational principle 

The general operational principle of the DSSC is shown in Figure 4. 

When the dye absorbs one photon, one electron is excited from the ground state (S°) to the 

excited state (S*), and from that state it is injected into the conduction band (CB) of the 

semiconductor (typically TiO2), leaving the dye in an oxidized state. The latter will be 

regenerated by the reduced species of the redox couple that will donate an electron and 

rendering an oxidized electrolyte species. At this point, the electron in the CB penetrates 

thorough the nanocrystalline TiO2 film to the back contact and moves from the working 

electrode (WE) to the counter electrode (CE), thanks to an external circuit. During this transfer 

the electric power generated can be exploited. At the CE the previous oxidized redox couple 

species is reduced. Thus, the circuit is closed. 

 
Figure 4. Operational principle of the DSSC 



New Copper Redox Couples for Liquid Dye-Sensitized Solar Cells 

 

      KTH Royal Institute of Technology - MSc in Chemical Sciences and Technologies - University of Milano-Bicocca    16 

 

It is important to take into account that at the initiation of the overall process, when the 

electron is transferred to the excited state, it can also relax and recombine directly with the 

oxidized dye molecule or recombine with the oxidized redox couple species. These are the two 

major loss  which limit the performance of the solar cell. 

2.2.2 Electrolyte components  

The electrolyte solution in the DSSC normally consists of three main components: the solvent, 

the redox mediator and in many cases some additives.  

The solvent used in the present work is acetonitrile (ACN), since it has been shown to be the 

most useful and efficient organic solvent so far, thanks to its low viscosity and good ability to 

dissolve both organic components and inorganic salts. 

In the next two paragraphs, the redox mediator and the additives are described in more detail, 

since they are the protagonist of this thesis. 

2.2.3 Redox couples 

The redox couples are extremely important for the photovoltaic performance of DSSCs, having 

both the task of dye regeneration and that of charge transport between the WE and the CE. 

There are some requirements that the redox mediator has to fulfill: 

 

a. Its redox potential should be more positive (on the NHE, Normal Hydrogen Electrode, 

scale) than the ground state of the dye, but at the same time it should be sufficiently 

negative to generate a sufficient driving force for the dye regeneration. 

In a DSSC, the Voc arises as the difference between the quasi-Fermi level of the 

semiconductor and the redox potential of the redox mediator. Therefore, a more 

positive redox potential will offer a higher Voc. 

b. Slow electron recombination reactions, 

c. Negligible visible light absorption;  

d. Fast electron transfer at the CE; 

e. Good electrolyte diffusion properties to avoid mass transport limitations; 

f. Non-corrosiveness toward all materials in contact with the electrolyte; 

g. Good photochemical stability. 

 

As it was already explained in the Introduction, until a few years ago the best redox couple 

known was the iodide/triiodide (I
-
/I3

-
) system, however the several disadvantages of it brings 

the researchers to investigate alternative redox mediators. 

Two main categories of redox couples have been studied to replace the I
-
/I3

-
: molecular 

species, such as Br
-
/Br3

-
, SCN

-
/(SCN)3

-
, and transition-metal based complexes. In particular, the 

combination of an organic sensitizer with metal complexes such as Fc/Fc
+
, Cu

+
/Cu

2+
 and 

Co
2+

/Co
3+

, has been demonstrated to improve the DSSC performance(9)
-
(10)

-
(11). Even if this 

kind of systems suffer from faster recombination loss reactions, the much more positive Voc 

compensate the latter coin, since the increase of the open-circuit voltage improve the overall 
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conversion efficiency of the DSSC devices. The metal complexes are promising as alternative 

redox couples, since they are not volatile, not corrosive, lightly coloured and moreover there is 

the possibility of tuning the redox potential by structural modification of the ligands. 

The most used and studied metal complexes are the ones based on cobalt, however they 

possess some important issues that need to be overcome. First of all, the large molecular size 

of the o alt edo  ouple o po e ts, su h as the , -bipyridyl complexes, causes mass and 

charge transport problems. Moreover, it has been verified that the 4-tert-butylpyridine, a very 

common additive used in the electrolyte solution (vide infra), can exchange with the ligand 

according to the following reaction:                                               

The latter phenomenon, known as ligand exchange, decreases the overall efficiency of the 

device and may influence the long-term stability of the electrolyte and thereby the DSSC 

devices. 

2.2.4 Additives 

Additives are commonly introduced to the electrolyte solution in order to enhance the 

photovoltaic performance of the device. There are two main kinds of additives employed in the 

DSSCs: specific cations, added as salts, and nitrogen-containing heterocyclic compound acting 

as Lewis base.  

The most commonly used cation additives are polarizing small cations, such as lithium ions (Li
+
) 

or guanidinium ions (G
+
). The tendency of specific cations in the electrolytes to accumulate at 

the TiO2 surface may shift the CB towards more positive potentials, leading to an increase of 

the electron injection yield from the excited state of the sensitizing dye to the CB of TiO2. This 

increases the short-circuit current. 

In contrast, nitrogen-containing heterocyclic compounds, such as 4-tert-butylpyridine (TBP) 

deprotonate the TiO2 surface and as well may adsorb to the surface and thus shift the 

conduction band edge (Ec) toward negative potentials and passivate surface active 

recombination sites(12). Therefore, this kind of compounds can reduce the electron 

recombination rate and enhance the Voc.  

Usually, even if these two categories of additives have opposite effects on the CB energy level, 

they are used simultaneously in the electrolyte solution to exploit both benefits: shifting of the 

CB and surface blocking with respect to recombination losses. The electrolytes incorporating 

only one additive maximize only one photovoltaic parameter. 
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3. EXPERIMENTAL  

3.1 Synthesis and characterization of copper complexes compounds 

In the present work, different Cu complexes coordinated by methylpyridine as ligand were 

synthetized and investigated. The original idea was to synthetize 3 different redox couples, 

with the Cu centre linked to 4 methylpyridine ligands, using 3 different methylpyridines (2-, 3-, 

4- methylpyridine). Unfortunately, the Cu(I) complexes with 2- and the 3- methylpyridine were 

not possible to synthesize. Instead, mixed complexes containing the different 3 

methylpyridines and one iodide ligand were synthetized. In addition, the Cu(I) complex 

containing the 3-methylpiridine ligand, 3 different halide complexes were investigated: Br, Cl 

and I. Since the compound with iodide was the most stable and showed the best performance 

in the solar cells, the Cu(I) complex with 2-methylpyridine as ligand was only synthetized with 

iodide. Moreover, all the Cu(II) complexes were synthetized with two different counter ions: 

ClO4
-
 and PF6

-
. 

The redox couples synthesized and investigated are shown below: 

a) [Cu(2-mpy)4][ClO4]2/[Cu(2-mpy)3I] 

b) [Cu(2-mpy)4][PF6]2/[Cu(2-mpy)3I] 

c) [Cu(3-mpy)4][ClO4]2/[Cu(3-mpy)3I] 

d) [Cu(3-mpy)4][ClO4]2/[Cu(3-mpy)3Br] 

e) [Cu(3-mpy)4][ClO4]2/[Cu(3-mpy)3Cl] 

f) [Cu(3-mpy)4][PF6]2/[Cu(3-mpy)3I] 

g) [Cu(4-mpy)4][ClO4]2/[Cu(4-mpy)4][ClO4] 

h) [Cu(4-mpy)4][PF6]2/[Cu(4-mpy)4][PF6] 

 
Figure 5. Chemical structures of: 1. Cu

II
(2-mpy)4/ Cu

I
(2-mpy)3I; 2. Cu

II
(3-mpy)4/ Cu

I
(3-mpy)3X; 3. Cu

II
(4-

mpy)4/ Cu
I
(4-mpy)4 
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From now on, when referring to them, the following abbreviations will be used: 

a) Cu-ClO4-2mpy-I 

b) Cu-PF6-2mpy-I 

c) Cu- ClO4-3mpy-I 

d) Cu-3mpy-Br 

e) Cu-3mpy-Cl 

f) Cu-PF6-3mpy-I 

g) Cu-ClO4-4mpy 

h) Cu-PF6-4mpy 

The Cu(II) complexes presented in this thesis were derived from the design presented in a 

previous work by Zhang and co-workers(13). In that work, Cu(II) coordinated by four 4-

methylpyridines using ClO4
-
 as counter ion was synthesized. The same synthesis was performed 

also for the 2- and 3- methylpyridine, as well as with the counter ion PF6
-
. 

The Cu(I) complexes coordinated by one halide were derived from the work of Ainscough and 

co-workers(14), in which they presented the synthesis of Cu(I) coordinated by three 3-

methylpyridines and one Cl
-
. The same synthesis was performed using also Br

-
 and I

-
, as well as 

2-methylpyridine. 

The Cu(I) complexes coordinated by four 4-methylpyridines were synthetized following the 

procedure of Simon and co-workers(15). 

3.1.1 Synthesis of Cu(II) complexes 

[Cu(L)4][ClO4]2 (L=2-mpy, 3-mpy, 4-mpy) were synthetized according to the following 

procedure. The first step of the reaction was the synthesis of the precursor tetrakis acetonitrile 

copper(I) perchlorate [Cu(CH3CN)4][ClO4] according to Hathaway and co-workers(16). 

2 g of Cu(ClO4)2·6H2O and 0.5147 g of Cu powder (ratio 1:1.5) were put in 20 ml of acetonitrile 

(CH3CN). The solution was heated to 82°C (that is the boiling point of acetonitrile), and refluxed 

under stirring till the blue color disappeared (it takes about 30 min). After that, and before the 

temperature was lowered, the excess of Cu powder was separated through filtration. Once the 

solution cooled down and white crystals of copper acetonitrile perchlorate precipitated, an 

amount of the solvent was evaporated using an evaporator. The solution was then filtered and 

the product was isolated.                                      

The second step of the reaction was the synthesis of [Cu(L)4][ClO4]2 (L=2-mpy, 3-mpy, 4-mpy). 

0.381 g of L (L=2-mpy, 3-mpy or 4-mpy) were dissolved in 5 ml of methanol, and the solution 

was refluxed under stirring (bp CH3OH: 65°C). Air was injected in the system reaction in order 

to oxidize Cu(I) to Cu(II). Once reaching the reflux temperature, a methanol solution (9 ml) of 

[Cu(CH3CN)4]ClO4 (1mmol, 0.24g) was added dropwise. The solution became green. After the 



New Copper Redox Couples for Liquid Dye-Sensitized Solar Cells 

 

      KTH Royal Institute of Technology - MSc in Chemical Sciences and Technologies - University of Milano-Bicocca    20 

 

injection, the reaction mixture was refluxed for 4 hours and filtered. The green filtrate was 

kept in a dessicator. 

                                                       
 [Cu(L)4][PF6]2 (L=2-mpy, 3-mpy or 4-mpy) were synthetized following the procedure already 

presented, but in this case the precursor tetrakis acetonitrile copper(I) hexafluorophoshpate 

was bought from SigmaAldrich. Consequently, the first step of the reaction could be omitted. 

3.1.2 Synthesis of Cu(I) complexes 

Cu(L)3X (with L=2-methylpyridine, 3-methylpyridine and X=I, Br, Cl) were synthetized according 

to the following procedure. 0.0021 mol of CuX (0,4 g CuI; 0,301 g CuBr; 0.208 g CuCl) was 

dissolved in 10 ml of the ligand L and the solution was refluxed under stirring and a nitrogen 

atmosphere (bp: 3-methylpyridine: 144°C, 2-methylpiridine 128°C), in order to prevent the 

oxidation of Cu(I). After one hour, the yellow solution was cooled and in a few minutes the 

precipitation started. As soon as precipitation ended, the solid material was filtered and 

weighed.                    

 
Figure 6. Picture of the Cu(3-mpy)X products obtained; starting from the left vial: Cu(3-mpy)Cl, Cu(3-

mpy)Br, Cu(3-mpy)I 

[Cu(4-mpy)4][ClO4] was synthetized according to the following procedure. 100 mg of 

[Cu(CH3CN)4][ClO4] was placed in a one-neck flask, which was sealed with a rubber septum and 

then evacuated and back-filled with nitrogen. A 3 ml volume of 4-methylpyridine, that had 

been degassed, was transferred to the flask by a syringe, and the resulting solution was 

allowed to stir for 5 min, after which 20 ml of degassed diethyl ether was added to precipitate 

the product. The latter was washed twice with 20 ml portions of diethyl ether and 20 ml 

portions of heptane, vacuum dried and then stored in a glovebox with inert atmosphere.  

The same procedure was followed for the synthesis of [Cu(4-mpy)4][PF6] starting from 

[Cu(CH3CN)4][PF6].                                                                
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3.2 Characterization of copper complexes  

3.2.1 Nuclear magnetic resonance spectroscopy 

The nuclear magnetic resonance spectroscopy, known with the acronym NMR spectroscopy, 

was used to investigate the Cu(I) complexes, since Cu(II) complexes are paramagnetic and 

render shifted and broadened NMR signals. 

This technique monitors the radio frequency electromagnetic radiation absorbed and emitted 

by atomic nuclei in molecules exposed to a strong magnetic field. Radio waves induce nuclear 

spin transitions in particular atoms (mainly 
1
H or 

13
C). Therefore, by studying how the atomic 

nuclei properties, it is possible to gain information about molecular structure. 

Using the NMR spectroscopic technique only the nuclei having a nuclear magnetic moment are 

detectable. The magnetic moment ( ) is given by equation (1). 

                                                                   (1) 

where   is the nuclear spin quantum number,   is the gyromagnetic ratio and   is the Planck 

constant. In order to be NMR-active the nucleus should have   other than zero.  Instead, if a 

nucleus has   = 0, like in the case of 
12

C or 
16

O, there is no magnetic moment and consequently 

they cannot be observed using NMR spectroscopy. 

If an external magnetic field is applied, an energy transfer is possible between a ground state 

to a higher energy state. The energy transfer takes place at a wavelength that corresponds to 

radio frequencies and when the excited state relaxes back to the ground state, energy is 

emitted at the same characteristic frequency. The signal that matches this transfer is recorded 

and processed in order to yield an NMR spectrum for the nucleus concerned. 

The precise resonant frequency of the energy transition is dependent on the effective 

magnetic field at the nucleus. This field is affected by electron shielding, which is in turn 

dependent on the chemical environment. As a result, information about the chemical 

environments around a specific type of nucleus can be derived from its NMR spectrum. It is 

common to use the signals from tetramethylsilane (TMS) as the proton reference frequency. 

The frequency of an NMR signal depends on many factors, and thus it is necessary to work with 

reference substances to define chemical shifts. 

               (2) 

In order to derive the chemical shift of a substance, using this relation, it is convenient to 

express the shift in ppm where (for protons) TMS is set to V0 thereby giving it a chemical shift 

of zero. Different substances can be used as reference for different NMR-active nuclei. 

In the present work, 
1
H NMR spectra were recorded using 16 scans and a Brucker Advance 400 

spectrometer with TMS as the internal reference, using deuterated acetonitrile or chloroform 

as solvent. 

 

http://chem.ch.huji.ac.il/nmr/techniques/1d/row1/h.html#BM1H
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3.2.2 Mass Spectrometry 

Mass spectrometry is an analytical technique used to quantify known materials or to insights 

into the structure of unknown compounds. The complete process involves the conversion of 

the sample into gaseous ions, with or without fragmentation, which are then characterized by 

their mass-to-charge ratios (m/z) and relative abundances. 

The first step in the mass spectrometric analysis is the production of gas phase ions of the 

compound, basically by ionization. There are several techniques available for ionization, and 

representing different harshness and thus fragmentation of the parent molecules in the 

process. The ionized molecules undergo fragmentation to a higher or lesser degree. Each 

primary product ion derived from the molecular ion, in turn, undergoes fragmentation, and so 

on. The ions are separated in the mass spectrometer according to their mass-to-charge ratio 

and are detected in proportion to their abundance. A mass spectrum of the molecule is thus 

produced in the form of a plot of ion abundance versus mass-to-charge ratio. The detected 

ionized fragments provide information concerning the nature and the structure of their 

precursor molecules.  

Characterization was performed using a HP 1100, Agilent Co., Ltd., for HPLC-MS. 

3.2.3 Powder X-Ray Diffraction (P-XRD) 

Powder X-Ray diffraction was used to investigate the crystalline nature of the compounds. X-

rays are scattered by the atoms when they interact with the surface of a material. The part of 

the X-ray that is not scattered passes through to deeper layer of atoms, where again they can 

be scattered etc. This causes an overall diffraction pattern, similar to how a grating diffracts a 

beam of visible light. In order for an X-ray to diffract in a regular and informative way, the 

sample must be crystalline and the spacing between atom layers must be close to the radiation 

wavelength. If beams diffracted by two adjacent layers are in phase, constructive interference 

occurs and the diffraction pattern shows a peak. However, if they are out of phase, destructive 

interference occurs and there is no peak. Diffraction peaks only occur if: 

                                                               (3) 

Where: 

- θ is the angle of incidence of the X-ray beam, 

- n is an integer, 

-  is theX-ray wavelength, and 

- d is the spacing between atom layers. 

Crystalline materials have a regular structure and tend to give diffraction patterns that offer 

much information about local and long-range structure. Amorphous materials lack long-range 

order and consequently only give information about local structure in the sample. 

For the measurements, a PANalytical-X Pe t P‘O diff a to ete  e uipped ith a  X-ray tube 

for Cu-Kα adiatio  as used. 
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3.2.4 Elemental Analysis  

The elemental analysis (EA) is a technique which is used to determine the elemental 

o positio  of a sa ple. Fo  this o k, the a al sis as pe fo ed  A al tis he 
La o ato ie  i  Li dla  Ge a  fo  a o , h d oge  a d it oge  CHN , a d the haloge s 
(chlorine, bromine). Unfortunatly, it was not possible to determine the iodine content. The 

typical EA technique is based on combustion and subsequent gas phase chromatography. 

3.3 Fabrication of Solar Cells 

3.3.1 Working electrode preparation 

The working electrode was prepared according to the following procedure: 

1. Cutting of the glass: A fluorine-doped tin oxide (FTO) glass substrate (Pilkington, TEC15) 

was cut into 7.5×15 cm
2
 pie es; the o du ti e side s o e s e e s oothed to e 

sure not to ruin the frame during screen printing. From this point forward, the 

conductive side was always being kept up; 

2. Cleaning: the FTO glasses were cleaned by washing first with a detergent water solution 

in ultrasonic bath for 30 min. Afterwards it was rinsed with plenty of water and washed 

with the same procedure using ethanol and water in that order; 

3. Plasma treatment: after the glass substrates had been dried with compressed air, they 

were placed in the plasma cleaner for 20 min; 

4. TiCl4 treatment: the glass substrates were soaked in 40 mM TiCl4 aqueous solution and 

put in an oven at about 70°C for 30 min to generate a thin blocking layer. Afterwards, 

the substrates were rinsed using water and ethanol; 

5. The substrates were dried using a hot plate at 300°C for 3 hours; 

6. Screen-printing: a 5+5 µm layer of TiO2 film was prepared using a screen-printing 

technique. Two different pastes were used: a) a diluted commercial paste:  a mixture of 

60 wt% of Dyesol 18NR-T, 4 wt% ethylene cellulose and 36 wt% terpineol; b) scattering 

paste: WER2-O, Dyesol. Each paste was screen-printed two times on to the pre-treated 

FTO glass surfaces to obtain a 5 µm layer of mesoporous TiO2, 250 nm size. After each 

printing step, the electrodes were put in an ethanol atmosphere for 15 minutes and 

were dried at 120°C for 5 minutes; 

7.  Sintering: the double-layer Tio2 electrodes (area: 5×5 m
m2

) were sintered using the 

following heating profile: 

- 10 min ramping to 180°C and then kept constant at 180°C for 30 min. 

- 10 min ramping to 320°C and then kept constant at 320°C for 30 min. 

- 10 min ramping to 380°C and then kept constant at 380°C for 30 min. 

- 10 min ramping to 500°C and then kept constant at 500°C for 30 min. 

8. TiCl4 treatment: the glass substrates were soaked in 20 mM TiCl4 aqueous solution and 

put in an oven at about 70°C for 30 min. Afterwards, the substrates were rinsed using 

water and ethanol; 
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9. Sintering: the electrodes were sintered using the same heating profile as before. 

After all these steps, the 7.5×15 cm
2
 FTO glass pieces were cut into 1.7x1.7 cm

2
 electrode 

substrates. The prepared electrodes were kept in a plastic container and were activated before 

dye sensitization. The active area of the prepared films was 5x5 mm
2
. 

3.3.2 Counter electrode preparation 

Predrilled TEC7 fluorine-doped tin oxide (FTO) glass substrates were cleaned (in the order of 

detergent water solution, and ethanol) using an ultrasonic bath. 

An aqueous solution of 0.1 M sodium dodecyl sulfate (SDS) and 0.01 M 3,4-

ethylenedioxythiophene (EDOT) was prepared through sonication for 1.5 hour. Electro-

oxidative polymerization was performed using an Autolab potentiostat with a GPES 4.9 

electrochemical interface (Eco Chemie). A 4×4 cm
2
 cleaned substrate was used as working 

electrode and same size FTO substrate was used as counter (and reference) electrode. the 

preparation was performed in galvanostatic mode with 3.2 mA current for 170 seconds. The 

blue colored films were washed by immersion into deionized water for 1 min. 

3.3.3 Dye sensitization of the working electrode 

A 0.2 mM solution of the sensitizing dye LEG4 (3-(6-(4-(bis(2',4'-dibutoxy-[1,1'-biphenyl]-4-

yl)amino)phenyl)-4,4-dihexyl-4Hcyclopenta[1,2-b:5,4-b']dithiophen-2-yl)-2-cyanoacrylicacid), 

Figure 7, in ethanol (99.5 %) was prepared. The working electrodes were heated to 450 °C for 

10 minutes and cooled to 80 °C before being immersed into the dye bath solution and left 

there in the dark for 18 hours. 

 

Figure 7. Chemical structure of the sensitizer LEG4 

LEG4 was obtained from Dyenamo. 

3.3.4 Assembly of the device 

The working electrodes were removed from the dye bath, rinsed with ethanol and dried with 

compressed air. Hermetically sealed cells were fabricated by assembling the dye-loaded film 

electrodewith the counter electrode separated with a hot- elt “u l  7  fil   , 
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Dupont). A small amount of the electrolyte mixture (~ 20 µl) was applied on to the counter 

electrode using a micropipette. Then the electrolyte was immersed into the cell by a vacuum 

procedure and sealed with another hot-melt film. 

 
Figure 8. The sandwich position used in the fabrication of the solar cell 

3.4 Characterization of Solar Cells 

3.4.1 Current-Voltage measurements 

Current-Voltage measurement, also called I-V measurements, is one of the most important 

techniques for studying the performance of DSSC devices. A solar cell generates current when 

exposed to light. The output current depends strongly on the potential generated in the cell, as 

well as on the intensity of the incident light. The I‑V curves obtained illustrate this relationship. 

A solar simulator emulates the solar AM1.5 spectrum, where it is possible to use different light 

intensities to investigate the solar cell performance under different illumination conditions. 

The I-V characteristics are monitored under solar irradiation by changing the external load 

from zero (short-circuit conditions) to infinite load (open-circuit conditions). 

A typical I-V curve is shown in Figure 9. 

 
Figure 9. I-V characteristics of a LEG4 sensitized DSSC employing Cu-ClO4-3mpy-I as electrolyte 

Thanks to this technique, it is possible to calculate the solar cell efficiency (η), which is the ratio 

between maximum generated power (Pmax) and photoelectrical input power (Pin) from the light 

source. 

                                                                      (4) 
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In order to calculate the efficiency, the power of the incident light Pin has to be known. Usually, 

for 1 sun irradiation, Pin is set on 1000 Wcm
-2

. The maximum power point (Pmax) is found where 

the product of the current and voltage has a maximum. 

From equation (1), important parameters for characterization of a solar cell emerge: 

- Jsc is the short-circuit current, i.e. it is the highest current that can be extracted from the 

solar cell studied. The cell voltage at this point is zero. Hence, the generated power is 

also zero. The short-circuit current typically increases with increasing light intensity. 

- Voc is the open-circuit current, i.e. it is the highest voltage of a solar cell at a given light 

intensity. It is also the potential where current flow through a solar cell is zero. The 

open-circuit current is typically increasing with increasing light intensity. 

- FF is the Fill Factor, an important parameter highlighting losses in a cell. It describes the 

quality and idealness of a solar cell. The Fill Factor is the ratio of maximum generated 

power Pmax compared to the theoretical power maximum Ptheo of a solar cell. The 

general formula for the Fill Factor is:                                                                            (5) 

Where Vmp and Jmp are the potential and the current of the I-V curve where the generated 

power is at the maximum. In the ideal case, an I-V curve is a rectangle generated by the power 

maximum at Voc and Jsc and the Fill factor is 1. However, non-ideal conditions caused by 

parasitic effects decrease the power maximum and the I-V curve deviates from ideality. The 

resulting area defined by the I-V curve is <1.  

Current density-voltage (J-V) characteristics were recorded by a Keithley 2400 source/meter, 

and simulated AM 1.5G sunlight was provided by a Newport solar simulator (model 91160), 

which was calibrated using a certified reference solar cell (Fraunhofer ISE) to an intensity of 

1000 W·m
-2

. A 5×5 mm
2
 mask, which is the exact size of the active solar cell area, was applied 

on top of the solar cell. 

3.4.2 Incident photon-to-current conversion efficiency (IPCE) 

The incident photon-to-current conversion efficiency is a measure of how efficiently the device 

converts incident light into electrical energy at a given wavelength. It is given by the ratio 

between the photocurrent in the external circuit and the monochromatic photon flux: 

                                                                       (6) 

 

where q is the elemental charge of an electron, λ is the wavelength of the incoming light, Jsc is 

the short-circuit current density generated by the monochromatic light and Pin is the light 

intensity. 

The IPCE can also be calculated according to the following equation: 
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                                                          (7)                       

where LHE is the light harvesting efficiency, φinj is the quantum yield of electron injection, φreg 

is the quantum yield of dye regeneration, ηcc is the charge collection efficiency. Integration of 

the IPCE spectrum should ideally give the short-circuit current as obtained from the I-V 

measurements. 

An example of an IPCE spectrum is shown in Figure 10.  
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Figure 10. IPCE spectrum of a LEG4-sensitized solar cell using Cu-ClO4-3mpy-I as electrolyte 

3.4.3 Electrochemical Impedance Spectroscopy (EIS) 

Electrochemical impedance spectroscopy (EIS) is an important technique for studying the 

physical processes taking place in the solar cell. EIS measurements may be made with an 

adjustable light source in order to investigate the effect of illumination intensity, using a 

potentiostat to apply a small AC current of varied frequency. While studying near-Voc 

conditions, the resulting impedance response is recorded as a function of light intensity and 

applied frequency. The data are usually represented in a Nyquist plot (Figure 11), in which, 

ideally for a DSSC, three separate semi-circles are observed. Each semi-circle corresponds to 

the impedance of a specific interfacial charge transfer process occurring at a given frequency. 

Starting at the origin of the Nyquist plot, the distance from zero to the start of the first semi-

circle describes the series resistance (Rs) of the cell as a whole. This arises predominantly from 

the charge resistance of the TiO2/FTO interface. The first semi-circle displays the 

cathode/electrolyte charge transfer resistance (R1), the second is associated with the back 

reaction from the injected electrons in the TiO2 film to the dye/electrolyte (R2) and the third 

corresponds to the diffusion resistance of the charge carriers within the electrolyte (R3). The 

semi-circle corresponding to R3 may be hidden due to overlap (in time characteristics) with the 

R2 semi-circle. The R1 and R2 processes contribute to the overall resistance of the cell, and they 
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should be as low as possible; R2 instead is related to an unwanted loss reaction and should 

therefore be as high as possible. 

 
Figure 11. A schematic diagram of a Nyquist plot of an ideal DSSC at high light intensity showing 

overlapping semi-circles which have been extrapolated for clarity 

EIS measurements in this work were conducted using an Autolab PGstat12 potentiostat at 

open-circuit conditions, at 0.1 sun illumination. Data were fitted using the Z-View software. 

It was possible to calculate the electron lifetime in TiO2 (τn) using the following formula:                         (8) 

where f is the frequency. 

3.4.4 Electron lifetime measurements 

The electron lifetime is a value which indicates the time the electrons stay in the TiO2 before 

they recombine with the oxidized dye or oxidized electrolyte species. The higher is this value, 

the better is the device performance because the recombination processes are limited. The life 

time measurement is performed by using a modulated light under bias light condition and 

measuring the photo-voltage of the solar cell. Data from this measurement is used for the 

investigation of the recombination process. The photo-voltage response is related to electron 

life time of the DSC, and the electron lifetime is related to electron density on the TiO2, so it is 

dependent on the illumination intensity. The electron density in the conduction band has an 

exponential dependence on the photo-voltage, so the life time also has an exponential relation 

with the photo-voltage (17). In figure 12 is reported an example of the electron lifetime plotted 

vs voltage. 
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Figure 12. Electron lifetime under open circuit conditions for DSSCs employing [Co(bpy)3]

2+/3+
as redox 

mediator 

Increasing the voltage, the lifetime becomes shorter, because the recombination rate of 

electrons from the TiO2 to electrolyte is higher with lower voltage. 

3.5 Characterization of the electrolytes  

3.5.1 Steady state absorption (UV-Vis) 

The steady state light absorption spectroscopy is important to study the absorption of a 

material in the UV and visible light. In particular, for this work, it is used to verify if the dye in 

the TiO2 film and the redox couple in the electrolyte, compete in absorbing solar light.  

The absorbance of the light passing through a solution, is given by the Lambert-Beer law: 

                                                                                                             (9) 

where I0 is the incident light intensity, I is the transmitted light intensity, ε is the molar 

extinction coefficient, b is the path length (the length of the cuvette used for the 

measurements) and c is the concentration of the sample. 

For this work, a Cary 300 spectrophotometer was used to record the UV-Vis spectra from a 

quartz cuvette of 1 mm path length. 

3.5.2 Cyclic voltammetry 

The cyclic voltammetry measurements were carried out in order to estimate the redox 

potential of the copper redox couples formulated.  

Cyclic voltammetry measurements were performed on an Ivium Technologie Vertex with 

IviumSoft 2.561. The electrolyte was prepared from acetonitrile and tetrabutylammonium 

hexafluorophosphate (TBA(PF6), 0.1 M). Flat glassy carbon (diameter 3 mm) was used as 



New Copper Redox Couples for Liquid Dye-Sensitized Solar Cells 

 

      KTH Royal Institute of Technology - MSc in Chemical Sciences and Technologies - University of Milano-Bicocca    30 

 

working electrode, a Pt wire as counter electrode and Ag/AgNO3 as reference electrode (0.1 

M). The reference electrode was calibrated versus ferrocene in the same solvent and 

supporting electrolyte, and the redox potential was converted to V vs. NHE by adding 0.63 V 

(16) to the potential recorded. Figure 13 shows an example of a cyclic voltammogram. 

 
Figure 13. Cyclic voltammogram for Cu-ClO4-3mpy-I 

The voltammogram in Figure 13 has been converted into V vs. NHE, and thus the redox 

potential is given by the difference between the anodic peak (Upa), which is the peak related to 

the oxidation of the complex, and the cathodic peak (Upc), which is instead related to the 

reduction. 
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4. RESULTS AND DISCUSSION 

4.1 Characterization of the redox couples 

The characterization of the copper redox couples was a big challenge. As it is known, copper 

complexes are not easy to characterize since they are extremely coordinative and redox-wise 

reactive. Moreover, the monodentate ligands used in this work are more weakly coordinated 

as compared to the polydentate ones, and for this reason they readily exchange.  

In the next paragaphs, a description and interpretation of the characterization results is 

presented, followed by an hypothesis with respect to the possible products of the coordination 

compound syntheses. 

4.1.1 Cu(I) complexes 

Copper is the 29
th

 element in the periodic table, with the following electron configuration: 

1s
2
2s

2
2p

6
3s

2
3p

6
4s

1
3d

10
 or [Ar] 4s

1
3d

10
. Since it is a transition metal, when it becomes a 

monovalent cation (Cu(I)), it loses the electron from the s orbital and the electron 

configuration becomes: 1s
2
2s

2
2p

6
3s

2
3p

6
4s

0
3d

10
. Looking at the valence configuration (Figure 

14), it is clear that Cu
+
 is diamagnetic. 

 

Figure 14. Valence configuration of Cu
+
 

Thanks to the diamagnetic properties of Cu(I) complexes, it is possible to verify the presence of 

monodentate ligands using the NMR spectrsocopy. This technique cannot be used to study 

how many ligands are coordinated by the metal centre, but it is useful to determine that the 

organic ligand is present in the complex onbtained.  

For the [Cu(2-mpy)3I] and the [Cu(3-mpy)3I] complexes all the characteristic peaks of the 

organic monodentate ligands were identified. In particular, for the [Cu(2-mpy)3I] the resulting 

spectrum was: 
1
H NMR (400 MHz, CD3CN) δ 8.58 (d, J = 4.6 Hz, 1H), 7.70 (td, J = 7.7, 1.8 Hz, 1H), 

7.29 (d, J =7.8 Hz, 1H), 7.25-7.15 (m, 1H), 2.61 (s, 3H); for the [Cu(3-mpy)3I] was: 
1
H NMR (400 

MHz, CD3Cl3) δ 8.50 (s, 2H), 7.43 (d, J= 7.7 Hz, 1H), 7.14 (dd, J =7.7,5.0 Hz, 1H), 2.48-2.04 (m, 

3H), (for the spectra see the Appendix-Figure A1 and A2). 

The copper complexes [Cu(3-mpy)3Br] and [Cu(3-mpy)3Cl] are quite unstable. If they are left in 

solution, the solution starts to become green already after few minutes, indicating an oxidation 

to Cu(II). This phenomenon can also be verified from the NMR spectra. In fact, it turned out to 

be difficult to obtain good NMR spectra for these compounds, since they easily oxidized.  

In Figure 15 the [Cu(3-mpy)3Br] spectrum in chloroform is shown; the spectrum of [Cu(3-

mpy)3Cl] can be found in Appendix-Figure A3. 
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Figure 15.

 1
H NMR spectrum of [Cu(3-mpy)3Br] in CDCl3 

As it can be seen from the spectrum, the peaks related to the monodentate ligand are not very 

well defined. The peak at δ = 2.31 can be assigned to the methyl group of the pyridine ligand. 

The other peaks belonging to the hydrogen atoms of the aromatic ring, show an unusual shape 

as compare to the corresponding peaks of the [Cu(2-mpy)3I] and the [Cu(3-mpy)3I] complexes. 

The fact that they can still be recorded shows that the solution contains Cu(I). However, the 

odd shape suggests that the compound is transforming into Cu(II). 

The same instability problem was found for the [Cu(4-mpy)4]
+
. For this compound was much 

more difficult to obtain a good NMR spectrum. In fact, even the white solid material becomes 

green just after a few minutes in contact with the solution, and no sensible NMR spectrum can 

be obtained. Ascorbic acid was used to reduce Cu(II) to Cu(I) in a small amount of deuterated 

water added to the acetonitrile solution of the complex. For this reason, the spectrum 

becomes quite complicated. However, it is possible to see the peaks related to [Cu(4-mpy)4]
+ 

(Figure 16). 
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Figure 16.
 1

H NMR spectrum of [Cu(4-mpy)4]
+
 in CD3CN 

Mass spectrometry was used to determine the number of ligands coordinated by the metal 

centre. In Figure 17 the mass spectrum of the [Cu(3-mpy)3I] compound is shown with the same 

peaks as noted for the [Cu(2-mpy)3I] compound, which can be found in the Appendix-Figure 

A4. 

The molecular peak calculated for this compound should be 469.01 m/z. However, since this 

Cu(I) has the plus charge balanced by the negative charge of the iodide, it is formally neutral. It 

is highly possible that during vaporization and charging of the neutral compound a H
+
 ion can 

be incorporated, and this may explain the peak at 470.93. This peak is usually broad. Some 

impurities on the compound may affect the peak, and this could be another explanation of the 

value found. The two peaks at m/z 214.0 and 413.4 are related to compounds that involve 

solvent molecules. Changing the solvent used, those peaks disappeared, but new ones 

emerged. The peak at m/z 249.13 corresponds to a copper centre coordinated by just two 

methylpyridine ligands. 

For [Cu(3-mpy)3Br] the molecular peak at 421.60 was found (see Appendix-Figure A5). 
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Figure 17. Mass spectrum of [Cu(3-mpy)3I], in acetone 

Figure 18 shows the mass spectrum of [Cu(3-mpy)3Br] in acetone. For this compound, the peak 

is expected at m/z 377.04. However, such a peak is not present in the spectrum. There is 

instead one peak at m/z 44.20, that is related to the copper coordinating 3 methylpyridines. In 

this particular case, the bromide ligand has probably been lost because of the weak bonding. 

 

Figure 18. Mass spectrum of [Cu(3-mpy)3Cl], in acetone 
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It is difficult to determine how many 4-methylpyridines are present in the formal [Cu(3-mpy)4]
+ 

complex. Figure 19 depicts the mass spectrum for this compound. A peak at m/z 435.16 is 

expected, but it is not present in the spectrum. Also in this case there is a peak at m/z 249.13 

assigned to the copper coordinating two methylpyridines. Also this compound appears to 

easily react with the solvent, resulting in the peaks at m/z 280.0 and 331.0. The only conclusion 

that can be drawn is that copper coordinates at least two methylpyridines. However, the fact 

that the expected peaks are not present does not necessarily mean that the desired compound 

was not obtained. In fact, if the bonding in the compound is too weak, the ligands may readily 

dissociate from the coordination centre.  

 

Figure 19. Mass spectrum of [Cu(3-mpy)4]
+
, in acetone 

4.1.2 Cu(II) complexes 

The electronic configuration of Cu (II) is: [Ar] 4s
0
3d

9
. The valence configuration (Figure 20), 

shows the Cu(II) complexes should be expected to be paramagnetic because of the single non-

paired electron in the valence shell.  

 

Figure 20. Valence configuration of Cu
2+

 

In contrary to Cu(I), Cu(II) species are not easily characterized using NMR spectroscopy because 

of the paramagnetic properties of Cu(II). In order to verify that the product obtained from the 

syntheses contains Cu(II), all the compounds were analyzed adopting NMR spectroscopy. Only 
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the spectrum of Cu(II) coordinating 3-methylpyridine (Figure 21) is shown, since all spectra 

recorded look the same. The solvent use was deuterated acetonitrile. The peak at 2.05 ppm 

originates from acetonitrile and, since this is the solvent used, it is the most intense peak. The 

other two peaks observed at 2.36 ppm and 3.40 ppm are, respectively, water and methanol; 

the latter comes from the solvent used in the synthesis of the Cu(II) complexes, and its 

presence could be due to the fact that the product was not dried enough. The peaks relating to 

the expected organic ligands are not detectable. There is a small hump in the ppm range where 

there were peaks from Cu(I) complexes typically are found. This may suggests a presence of 

the organic ligands, but the paramagnetic properties of copper (II) causes too severe 

broadening to allow a definite assignment. However, the presence of Cu(II) can be regarded as 

verified. 

 

Figure 21. 
1
H NMR spectrum of [Cu(3-mpy)4]

2+
 in CD3CN 

Also for the Cu (II) compounds, the mass spectrometry was used to investigate how many 

ligands are attached to the metal centre. 
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Figure 22. Mass spectrum of [Cu(2-mpy)4]
2+

, in acetone 

Figure 22 shows the mass spectrum of [Cu(2-mpy)4]
2+

, since all the other Cu(II) complexes 

show the same results. As can be seen, there is again a peak at m/z 249.13, referring to copper 

coordinating 2 methylpyridines. Unfortunately, with this technique we cannot differentiate 

between Cu(I) and Cu(II), because of the ionization technique. However, there is also the 

presence of another peak at m/z 187,93 that can be related to copper (II) coordinating 3 

methylpyridines and methanol, the solvent used in the synthesis.  

It is difficult to fully characterize the copper (II) compounds obtained from the synthesis, but 

we can tell that the products contain Cu(II) and that the copper (II) centre coordinates at least 

2 ligands. 

An informative way to characterize the copper compounds is single crystal X-ray diffraction. 

Different techniques to grow crystals were tried, but no none was successful. Just in the week 

before the end of the project, some small crystals had started to grow in some systems and it 

was not possible to make the analysis before the end of this project. 

Powder X-ray diffraction were recorder for all the synthesis products. 
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Figure 23. Powder X-ray diffractogram of: [Cu(2-mpy)3I], [Cu(3-mpy)3I], [Cu(4-mpy)4][ClO4], [Cu(2-

mpy)4][ClO4]2, [Cu(3-mpy)4][ClO4]2, [Cu(4-mpy)4][ClO4]2 

The diffractograms show that all the copper compounds are crystalline, and this is a very 

promising feature, since this shows that is feasible to grow crystals and investigate single 

crystal structures of all compounds. 

4.2 Solar cell characterization 

All the solar cells constructed were characterized with different techniques, using Co(bpy)3
2+/3+

 

as reference electrolyte redox system. The cobalt-based complex redox system is similar to the 

copper systems studied in this work, and it is also one of the cobalt redox couples showing the 

best performance in terms of overall efficiency and stability. All the solar cells were prepared 

with the following electrolyte composition: 0.22 M Cu-(I), 0.05 M Cu-(II), 0.10 M LiClO4, and 

0.20 M TBP in acetonitrile. The concentration chosen is the commonly used for the cobalt 

complex electrolytes. In fact, for the cobalt reference the concentration usually applied is: 0.22 

M Co-(II), 0.05 M Co-(III), 0.10 M LiClO4 and 0.20 M TBP in acetonitrile, which was also used in 

this work. 
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4.2.1 Incident photon to current efficiency (IPCE) 

Figure 24 shows the IPCE data for the solar cells studied. 

 

Figure 24. a) IPCE spectrum for DSSCs based on different redox mediators with ClO4
-
 as counter ion for 

the Cu(II) species; b) IPCE spectrum for DSSCs based on different redox mediators with PF6
-
 as counter 

ion for the Cu(II) species 

Comparing the results obtained for DSSCs based on the Co(bpy)3
2+/3+ 

redox system (in blue) 

with the results reported in the literature for the same redox system under the same 

conditions, it is noticed that there is a significant difference. In fact, normally DSSCs based on 

the Co(bpy)3
2+/3+

 system show a maximum IPCE around 80%, but in our cells only 70 % can be 

obtained. Since all other characterization techniques applied to the same devices have shown 

results consistent with literature, it is reasonable to assume that there is a problem with the 

IPCE instrument. This hypothesis was confirmed by the integration of the IPCE curve, which 

gives the photocurrent that was compared to the one obtained from the I-V measurements. 

The results are shown in Table 1. 

Table 1. Photocurrent data resulting from the IPCE curve integrated and the I-V measurements for 

DSSCs based on the following copper complexes as redox mediators: a) Cu-ClO4-3mpy-I, Cu-ClO4-2mpy-I, 

Cu-ClO4-4mpy and [Co(bpy)3]
2+/3+

 as reference; b) Cu-PF6-3mpy-I, Cu-PF6-2mpy-I, Cu-PF6-4mpy and 

[Co(bpy)3]
2+/3+

 as reference 

a) 

 

 

 

 

 

 

 

 

 

 

 
Jsc (mA cm

-2
) 

IPCE curve 

Jsc (mA cm
-2

) 

I-V curve 

Co-bpy 10.32 11.4 

Cu -2mpy-ClO4 9.30 12.7 

Cu-3mpy-ClO4 10.33 12.6 

Cu-4mpy-ClO4 8.2 8.2 
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b) 

 

 

 

 

 

As has been shown, the photocurrents obtained from the integration of the IPCE curves are 

different from the I-V measurements. 

However, the data obtained are expected to be intrinsically comparable. 

Figure 24.a) shows the results of the solar cells based on the copper redox systems including 

the Cu(II) perchlorate species. The cells based on Cu-3mpy electrolyte shows slightly higher 

IPCE up to 630 nm, where the cobalt based solar cells overcome it. This is a good result 

considering that the visible spectrum covers a wavelength range from about 390 to 700 nm. 

The DSSCs of the Cu-2mpy and Cu-4mpy redox systems instead, in this order, offer an IPCE 

lower than the previous system. This result cannot be attributed to a lower photovoltage of 

the redox couple because, as it will be shown in the next paragraph, the copper based 

electrolytes render cells with a photovoltage that is higher than that of the cobalt based 

electrolytes. Therefore, this unexpected result can simply be attributed to the fact that the 

copper system does not perform very well at low light intensity. A similar result was obtained 

for the solar cells based on the hexafluorophosphate (Figure 24.b)). 

In order to verify that the lower IPCE values of the copper based cells were not due to the 

electrolyte absorbance in the visible region, a steady state light absorption investigation was 

performed. 

 
Jsc (mA cm

-2
) 

IPCE curve 

Jsc (mA cm
-2

) 

I-V curve 

Co-bpy 10.32 11.4 

Cu-2mpy-PF6 9.16 12.0 

Cu-3mpy-PF6 8.70 12.2 

Cu-4mpy-PF6 8.3 8.4 
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Figure 25. Steady state light absorption of a) Cu(II) species with ClO4
-
 as counter ion; b) Cu(II) species 

with PF6
-
 as counter ion; c) Cu(I) species in acetonitrile 

Initial studies were based on the same concentration of the different copper species that is 

used in the devices. However, no absorption in the visible region was found. Therefore, a 

higher concentration was added to the solution but no changes in the absorption was 

detected. Since a very high concentration was probably necessary to reveal some absorption in 

the visible region by the copper species, it was concluded that the electrolytes do not 

significantly interfere with the IPCE spectra. Figure 25 shows the light absorption spectra of the 

different copper species in acetonitrile solution. As can be noted, all the Cu(II) species from 390 

nm to 400 nm show a very low light absorption and the Cu(I) species do not present any 

absorption at all. Since the concentration of Cu(I) is much higher than that of Cu(II) in the solar 

cells, it is reasonable to think that the very low absorption of Cu(II) in a very small part of the 

visible spectrum does not affect the performance of the devices. 

As it was explained in the introduction, one of the requirements that a redox couple has to 

fulfill is to not absorb light in the visible region. Figure 26 shows the UV-Vis spectrum of the 

sensitizing dye LEG4 used in this work. 
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Figure 26. Steady state light absorption of LEG4 in n-Butanol 

The dye shows a strong absorption in the visible region, with a maximum at 504 nm. 

Comparing this spectrum to all the three spectra in Figure 25, it is clear that none of the redox 

couples interfere with the absorption of the dye. 

4.2.2 Solar cells performances 

The photovoltaic performance of the devices was tested using I-V measurements. The devices 

were studied under full sun AM 1.5G illumination (100 mW*cm
2
) and with a 0.25 cm

2 
black 

mask with the same area as the active area of the DSSC devices.  

Initial studies were focus on the electrolyte systems with Cu(I) with 3-methylpyridine 

coordinating the three different halides. The results are shown in Figure 27.  

 

Figure 27. Current density vs. applied potential under AM1.5G illumination for DSSCs base on the 

following copper complexes as redox mediator: Cu-ClO4-3mpy-I, Cu-3mpy-Br, Cu-3mpy-Cl 

The electrolyte solution with Cu(I) coordinated by iodide presents the best performance. Data 

from the current-voltage measurements of the DSSCs are presented in Table 2. 
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Table 2. Current-voltage results for DSSCs based on the following copper complexes as redox mediators: 

Cu-ClO4-3mpy-I, Cu-3mpy-Br, Cu-3mpy-Cl. The device with the best performance is marked in red. 

 Voc (V) Jsc (mA cm
-2

) FF η %  

CuCl 0.88 6.6 0.71 4.1 

CuBr 0.93 9.7 0.74 6.7 

CuI 0.94 11.3 0.72 7.6 

In the previous table, CuCl, CuBr and CuI are abbreviations for: Cu-3mpy-Cl, Cu-3mpy-Br and 

Cu-ClO4-3mpy-I respectively. 

The reason why the electrolyte solution based on the Cu(I)- iodine system works better than 

the corresponding chlorine and bromine ones can be attributed to different factors. Firstly, as 

it was already underlined in paragraph 4.1.1, the Cu(I) compound containing iodine is much 

more stable than those of the other halides. Stability is one of the key factors to obtain solar 

cells which perform well. Moreover, it can be noted that the performance increases in the 

order: Cl, Br and I, that is the same order of the three elements in the periodic table. Going 

down in the group of the periodic table, the atomic radius increase, meaning that the atoms 

become bigger. Thus, it is not impossible that the oxidized iodine based compound displays a 

lower recombination than the other, since its bigger size can screen the positive charge of the 

metal centre.  

The photovoltage is determined by the difference between the quasi Fermi Level of the 

semiconductor and the redox potential of the redox mediator. Since the Voc increases in the 

order of the Cu(I) systems: chlorine, bromine and iodine, a cyclic voltammetry analysis was 

applied to determine the difference in redox potential. 

 

Figure 28. a) Cyclic voltammograms of Cu-ClO4-3mpy-I, Cu-3mpy-Br, Cu-3mpy-Cl; b) Energy levels of the 

different copper redox systems with respect to NHE 

Cyclic voltammetry was performed in acetonitrile solution, mixing the two redox couple 

components in the same concentration used in the device. The results in Figure 28 show a 

redox potential of 0.59 V vs. NHE of the copper system containing iodine, which is more 
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positive than the other two systems and it is in agreement with the higher photovoltage 

recorded for the DSSC devices. The copper complex system containing chlorine shows a redox 

potential of 0.32 V vs. NHE, which is the lowest among these species and in fact it is the 

systems giving devices with the lowest photovoltage. 

The higher stability and better performance of the Cu-ClO4-3mpy-I  system made us decide to 

only study the iodine containing systems for the different substituted pyridine compounds. 

The copper complexes containing the three different methylpyridines were at this point 

applied to the DSSC devices. The results are presented in Figure 29. 

 

Figure 29. Current density vs. applied potential under AM1.5G illumination for DSSCs based on the 

following copper complexes as redox mediators: Cu-ClO4-3mpy-I, Cu-ClO4-2mpy-I, Cu-ClO4-4mpy and 

[Co(bpy)3]
2+/3+

 as reference 

All the copper redox couple systems show better performance than the cobalt mediator, 

except for the one containing 4-mpy. The reasons for this behaviour could be many. In fact, the 

Cu(I)-4mpy system oxidizes very quickly to Cu(II)-4mpy and this could cause a decrease of the 

overall performance of the device. Moreover, the methyl group in the 4 position could allow 

more mobility to the ligand. In Table 3, the photovoltaic data are depicted. 
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Table 3. Current-voltage results for DSSCs based on the following copper complexes as redox mediators: 

Cu-ClO4-3mpy-I, Cu-ClO4-2mpy-I, Cu-ClO4-4mpy and [Co(bpy)3]
2+/3+

 as reference. The device with the best 

performance is marked in red 

 Voc (V) Jsc (mAcm
-2

) FF η (%) 

Co-bpy 0.82 11.4 0.70 6.6 

Cu-2mpy-ClO4 0.91 12.7 0.73 8.4 

Cu-3mpy-ClO4 0.94 12.6 0.76 9.0 

Cu-4mpy-ClO4 0.82 8.2 0.74 5.0 

The device with the Cu-3mpy-ClO4 system as redox mediator shows the best performances. In 

particular, it presents an extremely high photovoltage and a very high efficiency, which is one 

of the best among copper redox couples that have been studied up to now. Also the fill factor 

is significantly high and this suggests that the electron recombination processes for these 

devices are retarded. In order to verify if the high photovoltage is due to a more positive redox 

potential, cyclic voltammetry measurements were performed. 

 

Figure 30. a) Cyclic voltammograms of: Cu-ClO4-3mpy-I, Cu-ClO4-4mpy and [Co(bpy)3]
2+/3+

; b) Cyclic 

voltammograms of Cu-ClO4-2mpy-I; c) Energy levels of the different copper and cobalt complexes with 

respect to the NHE 

The first thing to notice is that the Cu-ClO4-2mpy-I showed a non-reversible behaviour making 

it impossible to estimate the redox potential (Figure 30. b)). This suggests that the oxidation 

and reduction of the copper complexes result in different species. Comparing the redox 
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potential estimated with the Voc from the I-V results, shows that the redox mediator displaying 

the higher Voc is the one with the more positive redox potential. However, the difference 

between the redox potential of the Cu-ClO4-3mpy-I and of [Co(bpy)3]
2+/3+

systems is only 20 mV, 

which is clearly lower than the difference in device photovoltages. Therefore, the redox 

potential is not the only important factor that influence the photovoltage and, as it will be 

show in paragraph 4.2.5, also the electron recombination processes are important for the 

resulting photovoltage. 

The devices containing PF6
-
 as counter ion were also investigated. Table 4 shows the 

photovoltaic data and the corresponding I-V curves can be found in the Appendix-Figure A6. 

Table 4. Current-voltage results for DSSCs based on the following copper complexes as redox mediators: 

Cu-PF6-3mpy-I, Cu-PF6-2mpy-I, Cu-PF6-4mpy and [Co(bpy)3]
2+/3+

 as reference. The device with the best 

performance is marked in red 

 Voc (V) Jsc (mAcm
-2

) FF η %  

Co-bpy 0.82 11.4 0.70 6.6 

Cu-2mpy-PF6 0.90 12.0 0.73 7.8 

Cu-3mpy-PF6 0.91 12.2 0.77 8.5 

Cu-4mpy-PF6 0.86 8.4 0.71 5.1 

The trend is the same as for the copper systems with perchlorate as counter ion: the Cu-PF6-

3mpy-I system renders the devices with the best performance, followed by the Cu-PF6-2mpy-I, 

and the Cu-PF6-4mpy-I systems. Even though the trend is the same, the performance is slightly 

lower. One reason might be due to the fact that the compounds containing PF6
-
 are less 

soluble. Therefore, although the concentration used for the electrolyte solution were the 

same, some precipitate, is formed indicating that the active device concentration is lower.  

The redox potentials estimated were lower as well, but with the same trend as the systems 

based on the perchlorate anion. 

 

Figure 31. a) Cyclic voltammograms of: Cu-PF6-3mpy-I, Cu-PF6-4mpy and [Co(bpy)3]
2+/3+

; b) Energy levels 

of the different copper and cobalt complex systems are given with respect to the NHE 
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The cyclic voltammograms of the Cu- PF6-2mpy-I system are not reported since it exactly 

matches that of the Cu-ClO4-2mpy-I system: it presents different peaks probably related to the 

different species formed in the solution upon redox reactions. The redox potential of the 

Co(bpy)3
2+/3+ 

system is higher than that of the Cu-PF6-3mpy-I system, although the 

photovoltage is much lower, meaning that for these systems not only the redox potential 

affects the Voc. 

Since the redox couple containing the 2- and 3-methylpyridine ligands are much more stable 

and shows better DSSC performance than those of the 4-methylpyridine, the attention was 

focused in these two systems. 

4.2.3 Replacement of TBP with the monodentate ligand 

One of the main idea of this project was to avoid ligand exchange problems which commonly 

take place in the cobalt based electrolytes, where the additive TBP may act as ligand and can 

exchange one or more of the ligands in the copper complexes changing the efficiency and 

lowering the stability of the devices. In order to handle this issue, the strategy was to replace 

TBP with the methylpyridines themselves acting as Lewis bases in the electrolyte. Using the 

ligand also as Lewis base additive has the advantage that, even if ligand exchange takes place, 

it would not affect the identity of the redox couple. The results of such a replacement are 

shown in Figure 32. 

 

Figure 32. Current-density vs. applied potential under AM1.5 illumination for DSSCs containing a) Cu-

ClO4- 2mpy-I with either TBP or 2-mpy as Lewis base additive; b) Cu-ClO4-3mpy-I with either TBP or 3-

mpy as additive 

The replacement of TBP with the ligand itself seems very promising for the Cu-3mpy system, 

but it shows less good performance in the case of the Cu-2mpy system. Considering all the 

parameters (Table 5), the Cu-2mpy system with the 2-methylpyridine in the electrolyte 

solution gives the worst device performance. The Cu-3mpy system instead performs slightly 

better than the same system with TBP as additive. 
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Table 5. Data from I-V measurements of DSSCs based on Cu-ClO4-2mpy-I and Cu-ClO4-3mpy-I as redox 

mediators in an electrolyte solution with either TBP or the ligand itself as additive. The device with the 

best performance is marked in red 

 Voc (V) Jsc (mAcm
-2

) FF η %  

Cu(2mpy)-2mpy 0.88 9.6 0.72 6.1 

Cu(2mpy)-TBP 0.91 12.7 0.73 8.4 

Cu(3mpy)-3mpy 0.94 12.8 0.76 9.1 

Cu(3mpy)-TBP 0.94 12.6 0.76 9.0 

The Cu-2mpy system performs the worst when 2-mpy is used as additive: both the current and 

the voltage are lower and the overall efficiency drops from 8.4 % with TBP as additive to 6.1 % 

with the 2-mpy. The Cu-3mpy system instead presents almost the same performance for the 

two additives. The reason why the 2-methylpyridine does not produce devices with good 

performances is not clear. Considering the basicity, TBP has a pKa = 5.98, 2-mpy has a pKa = 

5.96 and 3-mpy has a pKa = 5.68; these values indicate that the 2-mpy from a basicity point is 

much more similar to TBP than 3-mpy. However, the big difference in performance suggests 

that it is not only the basicity that is of importance. Another factor to consider is the structure 

of these compounds. 

 

Figure 33. Structures of the three additives used in the electrolyte solutions 

TBP and 3-mpy have very similar structures, with the nitrogen far from the group attached to 

the aromatic ring. The 2-mpy instead has the methyl group very closed to the nitrogen atom, 

and this affects the ability of the molecule to coordinate to a metal centre through the 

nitrogen atom. 

The fact that the Cu-3mpy system with 3-mpy as additive instead of TBP works so well is very 

promising. This means that there is a real possibility to overcome the ligand exchange issues 

affecting long-term stability in copper based redox systems. Moreover, this makes it possible 

to use very labile and simple ligands, needing just one or maximum two steps of synthesis. This 

is a great simplification in contrast with the multistep synthesis necessary to produce metal 

complexes with polydentate ligands. 

4.2.4 Recombination processes studies  

In addition to the main process which takes place in a dye sensitized solar cell, there are other 

processes that interfere with the energy producing reactions. The undesirable processes 

mainly involve recombination of electrons from the conduction band of the semiconductor to 
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the electrolyte or the oxidized dye. One of the major aim of this type of research is to reduce 

the recombination processes favouring the desired processes in order to boost the overall 

conversion efficiency. 

For the purpose of studying the recombination processes taking place in the DSSCs, as well as 

all the charge transfer processes, electrochemical impedance spectroscopy was used to study 

the devices. The results are shown in Figure 34. The measurements were performed under an 

illumination of 0.1 sun intensity. 

 

Figure 34. Nyquist plots of the EIS data for the DSSCs based on Cu-ClO4-2mpy-I and Cu-ClO4-3mpy-I and 

[Co(bpy)3]
2+/3+

 as reference 

The series resistance measured from the origin in Figure 34 to the first semi-circle is constant 

and close to 10 ohms. The fact that all the devices have the same series resistance suggests 

that all cells were fabricated in a reproducible way, thus being comparable. The first semi-

circle, at the higher frequencies, represents the (counter electrode) cathode/electrolyte charge 

transfer resistance, and it is just a few ohms for both the copper and cobalt based electrolytes. 

This indicates that the catalytic properties of the PEDOT counter electrode material are as 

good for the copper redox systems as for the cobalt one. 

The second arc represents the resistance to the recombination of the electrons in the TiO2 

electrode and the electrolyte/dye. A good device should have a very high resistance, meaning 

that the arc should be as big as possible, indicating that the electrons in the semiconductor do 

not recombine effectively. The copper based electrolytes show a much higher recombination 

resistance than the cobalt one. This makes the copper systems very promising. It can be 

noticed that the second arc in the case of the copper systems is composed by two arcs: one 

bigger and another one smaller. This is something unexpected and cannot be explained in this 

study. The hypothesis is that, since the composition of the Cu(I) and the Cu(II) systems differ 

significantly, more than one process may take place. In fact, they are characterized by different 

rates (time scales), therefore more than one arc may appear. Deeper investigations are needed 

to understand this phenomenon. At lower frequency, on the right hand side of the Nyquist 
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plot, there is the diffusion resistance of the charge carriers within the electrolyte. In all the 

devices this resistance is quite low, indicating that the charge-transport is efficient in the 

copper based electrolytes. 

All the devices were also studied in the dark. In this situation, since no light illumination is 

applied, no current from the photovoltaic effect emerges. As a consequence, any current 

recorded upon increasing the bias voltage to the system is due to electron recombination 

processes that take place in the solar cell. In fact, considering the solar cell as a diode, if a bias 

is applied in the dark, a current flows through it. This current is generated only by the electron 

recombination processes in the diode. Therefore, if a high resistance to recombination exist in 

the solar cell, the (dark) current is lower and, vice versa, if the resistance is lower the current 

becomes higher. Figure 35 shows the dark current of the studied devices. 

 

Figure 35. Dark currents for DSSCs based on the following copper complexes as redox mediators: Cu-

ClO4-3mpy-I, Cu-ClO4-2mpy-I and [Co(bpy)3]
2+/3+

 as reference 

The results show that [Co(bpy)3]
2+/3+

 has a dark current which is much higher those for the 

copper systems, suggesting that the cobalt based devices should suffer from higher 

recombination losses. On the other hand, for the two copper systems analyzed, the current is 

very low. This means that in the copper systems there is a very high resistance to electron 

recombination. These results are coherent with those from the EIS. 

The EIS data allow the electron lifetime to be estimated, i.e. how long the electrons statistically 

remain in the conduction band of the semiconductor before they recombine with the dye or 

the electrolyte. 
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Figure 36. F e ue  s. θ fo  DSSCs ased o  the follo i g oppe  o ple es as edo  ediato s: Cu-

ClO4-3mpy-I, Cu-ClO4-2mpy-I and [Co(bpy)3]
2+/3+

 as reference. Data extrapolated from the EIS 

From the data in Figure 36, it is possible to estimate the electron lifetime by the application of 

the formula (8). The results are reported in Table 6. 

Table 6. Electron lifetimes for DSSCs based on the following redox mediators: Cu-ClO4-3mpy-I, Cu-ClO4-

2mpy-I and [Co(bpy)3]
2+/3+

 

 

 

 

As was expected, the electron lifetime for the DSSC based on copper systems is significantly 

longer than for the cobalt one. In fact, for the copper systems there is a higher resistance to 

the recombination and this means that the injected electrons statistically survive a longer time 

in the conduction band of the semiconductor.  

For a more accurate estimate of the electron lifetime, toolbox measurements were effectuated 

for DSSCs based on the cobalt and the Cu-3mpy systems. The toolbox results for the electron 

lifetimes are shown in Figure 37. 

 Electron lifetime (s) 

[Co(bpy)3]
2+/3+ 

1.48·10
-5 

s 

Cu-ClO4-2mpy-I 5.99·10
-5 

s 

Cu-ClO4-3mpy-I 7.92·10
-5 

s 
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Figure 37. Electron lifetime under open circuit conditions for DSSCs employing the following redox 

mediators: Cu-ClO4-3mpy-I and [Co(bpy)3]
2+/3+

 

The electron lifetimes analyzed using the toolbox measurements follows the same trend as 

that from EIS: in the Cu-ClO4-3mpy-I system the injected electrons remain longer in the 

conduction band of the TiO2 as compared to the cobalt system. Decreasing the voltage, the 

lifetime becomes longer, and this is reasonable because at lower voltage the recombination 

rate of electrons from TiO2 to the electrolyte is also lower. The electron lifetime extracted at 

the higher photovoltage is reported in Table 7. 

Table 7. Electron lifetime data extrapolated from the toolbox measurements at higher photovoltage for 

DSSCs based on: Cu-ClO4-3mpy-I and [Co(bpy)3]
2+/3+

 

 Electron lifetime (s) 

[Co(bpy)3]
2+/3+ 

3·10
-3 

s 

Cu-ClO4-3mpy-I 6·10
-3 

s 

The result for the cobalt system is in agreement with literature, and this means that these 

values should be trust worthy also for the Cu-3mpy system. Normally, lifetimes calculated from 

EIS and from toolbox techniques should coincide. However, in this case they most likely differ 

because the toolbox evaluation was performed using freshly prepared devices, and the EIS 

measurements were made on a few weeks old devices. Despite of this, the trend and 

conclusions are the same. 
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5. CONCLUSIONS 

New copper based electrolytes with monodentate ligands were synthetized and applied in 

DSSCs to investigate their performance. The redox couples were characterized through 

different techniques. However, since these compounds are characterized by very labile ligand 

coordination, it was hard to characterize them. For the Cu(I) compounds 
1
H NMR spectra and 

mass spectra confirmed the presence of three monodentate ligands and one halide 

coordinated by the metal centre. For the Cu(II) the characterization was more ambigous, thus 

the exact structure of the compounds obtained remains unknown. The only certainty is that 

the copper is coordinated by at least 2 methylpyridine ligands and most likely there is also 

solvent molecules from the synthesis involved.  

The I-V characteristics for DSSCs based on the copper redox couples show very high 

photovoltage and fill factor, in particular for the compounds containing 2- and 3-

methylpyridine as ligand. The copper systems based on 4-methylpyridine were not investigated 

in detail because of instability. The Voc of devices based on the other two compounds was 

much higher than for devices based on the reference redox system [Co(bpy)3]
2+/3+

. The reason 

for the high photovoltage cannot be attributed to a more positive redox potential. EIS results 

suggest that the main reason could be a much higher resistance to the electron recombination, 

which is confirmed also by the high fill factor. Therefore, in these systems the problem of the 

unwanted loss reactions seems to be lower. An additional indication was given by the electron 

lifetime, which is much longer in the copper based systems than for the cobalt one, meaning 

that the electrons statistically remain for a longer time in the conduction band of the TiO2 

before recombination.  

Another important issue of the metal based electrolyte has been attended: the ligand-

exchange problem. The idea to use a monodentate ligand with a similar structure and basicity 

as TBP was successful. The replacement of the TBP with the monodentate ligand not only 

overcomes the ligand exchange issue, but it also represents a clear simplification to the 

electrolyte solution. 

In conclusion, the new copper redox systems studied in this work represent very promising 

systems for the dye-sensitized solar cells. The monodentate ligands make the synthesis much 

simpler than the systems based on polydentate ligands, avoiding multi-reaction steps and 

saving precious time. Moreover, copper and methylpyridine are inexpensive materials. The 

replacement of TBP with the ligand as additive and the very good resulting performance of 

these systems may lead to further development of highly efficient DSSCs. 
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5.1 Future work 

Much work remains, but the complexity of the project and the time limitation did not allow 

further studies within this Master degree project. 

First of all, it is important to understand the exact structure of the synthetized compounds 

using single X-ray diffraction as a tool. This may give insights into which processes might take 

place in the solar cell and why. 

A new type of electrolyte also requires optimization of all components present in the device. In 

fact, in this work we simply used the same concentrations and conditions that were found in 

the literature for the optimized [Co(bpy)3]
2+/3+

 system. However, every redox couple has its 

own properties and characteristics, and thus the optimal conditions will be system dependent. 

In addition, different sensitizers interact differently with the electrolytes, and this should also 

be studied. In this work only one sensitizer, LEG4, was used. 

A deeper EIS investigation should be executed to better insights into the origin of the second 

big arc in the recombination reaction region of the Nyquist. 

A very consequence of the present work is that one-pot electrolyte formulation can be 

executed, which means that all reactants used for the redox system synthesis, the solvent and 

the additives all together, are mixed and directly injected into the device. The great advantage 

of this approach would be to avoid at all pre-synthesis. This is a great simplification in the solar 

cell field which, if it worked, could open new research in the DSSC field. 
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APPENDIX 

 

 
Figure A1. 

1
H NMR spectrum of [Cu(3-mpy)3I] in CDCl3 
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Figure A2. 

1
H NMR spectrum of [Cu(2-mpy)3I] in CD3CN 



New Copper Redox Couples for Liquid Dye-Sensitized Solar Cells 

 

      KTH Royal Institute of Technology - MSc in Chemical Sciences and Technologies - University of Milano-Bicocca    60 

 

 
Figure A3. 

1
H NMR spectrum of [Cu(3-mpy)3Cl] in CDCl3 
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Figure A4. Mass spectrum of [Cu(2-mpy)3I] in acetone 

 
Figure A5. Mass spectrum of [Cu(3-mpy)3Br] in acetone 
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Figure A6. Current density vs applied potential under AM1.5G illumination for DSSCs based on the 

following copper complexes as redox mediators: Cu-PF6-3mpy-I, Cu-PF6-2mpy-I, Cu-PF6-4mpy and 

[Co(bpy)3]
2+/3+

 as reference 
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