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Abstract: This review presents an overview of the dedicated research directions of the Group for Molecular En-
gineering of Functional Materials (GMF). This includes molecular engineering aspects of sensitizers constructed
from ruthenium complexes, organic molecules, porphyrins and phthalocyanines. Manipulation of organometal
trihalide perovskites, and charge transporting materials for high performance perovskite solar cells and pho-
to-detectors are also described. Controlling phosphorescence color, and quantum yields in iridium complexes
by tailoring ligands for organic light emitting diodes are demonstrated. Efficient reduction of CO2 to CO using
molecular catalyst on a protected Cu2O photocathode, and cost-effective water-splitting cell using a high effi-
ciency perovskite solar cell are presented.
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1. Introduction

Molecular engineering of functional ma-
terials specifically tailored to address the
present energy and environmental issues
has witnessed a well-deserved surge of
attention. The synthesis of materials with
tailored properties should be engineered
at molecular level to achieve desired prop-
erties in the final devices. Therefore the
research on advanced functional materials
needs an interdisciplinary approach in-
volving different expertise (organic, orga-
no-metallic, inorganic, nano and physical
approaches) and many techniques for char-
acterization of the physical and chemical
properties. In this article, we discuss our
group’s dedicated directions in molecular
engineering of functional materials for en-
ergy and opto-electronic devices (Fig. 1).

The group is actively pursuing:
· Perovskite solar cells
· Molecular engineering of sensitizers

for energy generation and OLED ap-
plications

· Charge transporting materials
· Metal oxide nanomaterials
· CO

2
reduction

Based on the functional materials de-
veloped in the group, we have fabricated
dye-sensitized solar cells, perovskite solar
cells, photodetectors, organic light-emit-
ting diodes and solar fuels. At the EPFL-
Valais campus, with the cooperation be-
tween synthetic and device fabrication
teams, we will continue to push the limits
to address to energy and environmental is-
sues.

Harvesting energy from sunlight using
photovoltaic technology at low cost is a
way to address the energy demands of the
growing global population. Solar power is
one of the best renewable energy resources
that can minimize the detrimental effects
of human activity on the environment
without increasing atmospheric emis-
sions. In this respect dye-sensitized and
perovskite solar cells have advantages due
to their low cost, ease of processing and

flexibility. Additionally, the materials em-
ployed are abundantly available, which is
very important in the advancement of new
generations of non-silicon based light har-
vesting devices (dye-sensitized solar cells
or perovskite solar cells) for many years.
It is the ever-increasing photon-to-current
conversion ability of the new functional
materials that will change the energy pro-
duction and distribution system where the
energy consumer will become a producer.

2. Sensitizers for Dye-sensitized
Solar Cells (DSSCs)

The schematic explanation of the op-
erating principles of a dye-sensitized solar
cell is shown in Fig. 2. One of the essential
components in the device is the sensitizer
adsorbed onto a mesoporous TiO

2
oxide

Fig. 1.
Mission of GMF.
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At the counter electrode, reduction of ox-
idized redox mediator in turn regenerates
its reduced form to complete the circuit.

2.1 Ruthenium Sensitizers
Among the transition metal complexes,

ruthenium polypyridyl complexes are well
suited due to their stability and tunable op-
tical properties by incorporating functional
ligands. In addition, the ruthenium octahe-
dral complexes exhibit several stable oxi-
dation states and are photochemically ro-
bust, undergoing several millions of redox
cycles.[1] Representative examples of func-
tionalized ruthenium sensitizers developed
in our laboratory are shown in Fig. 3.

We have designed and synthesized
two multifunctional cyclometallated ru-
thenium dyes (LP1 and LP2) (Fig. 3)
aiming at improving the compatibility of
these dyes with a cobalt electrolyte sys-
tem.[2] The tailored ligand, 2',6'-dimeth-
oxy-2,3'-bipyridine is convenient to tune
the HOMO energy level of the metal t2

g
orbitals. The incorporated alkoxy substitu-
ents insulate the TiO

2
surface through the

alkyl chains. The ligand 2,2'-bis(5-hexy-
lthiophen-2-yl)-2,2'-bipyridine improves

layer. The photo-excitation of the sensi-
tizer results in electron injection into the
conduction band of the metal oxide. The
oxidized sensitizer is successively reduced
by electron donation from an electrolyte,
containing either a liquid-based redox sys-

tem (iodide/triiodide or Co(II)/Co(III)), or a
solid-state organic p-type semiconductor.
The injected electron streams through the
semiconductor nanoparticle network to ar-
rive at the back contact and then through
the external load to the counter electrode.

Fig. 4. (a) Photocurrent response spectra
in mesoscopic solar cells, and (b) J–V
characteristics measured under simulated
AM1.5 G full sun illumination (100 mWcm–2) for
devices employing LP1 and LP2. LP1 + cobalt
(dashed line), LP2 + cobalt (solid line), LP2 +
iodine (dotted line).

Fig. 2. Energy diagram and operating principle of a dye-sensitized solar cell.

Fig. 3. Structures of LP1, LP2, CJ1, CJ2, CJ3, SA-53 and SA-63. Crystal structure of
LP1·2CH2Cl2. Thermal ellipsoids are drawn at the 50% probability level. N blue, O red, S yellow,
Ru turquoise.
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the absorptivity of the complex, compared
to an unsubstituted 2,2'-bipyridine ligand,
and 2,2'-bipyridine-4,4'-dicarboxylic acid
serves as an electron-accepting and an-
choring ligand to the TiO

2
. The short-cir-

cuit current density (J
SC
), open-circuit volt-

age (V
OC
) obtained for LP1 (8.3 mA cm–2

and 714 mV, respectively) suggest a power
conversion efficiency of 4.7%. Owing to
the rational design of LP2, J

SC
and V

OC
increase to 13.2 mA cm–2 and 837 mV,
respectively and give efficiencies of 8.6%
in combination with a cobalt electrolyte.
It is worth noting that this result closely
matches that obtained with iodine/iodide
redox couple (8.7%), which has not been
reported for a Ru(ii) sensitizer yet. (Fig. 4)

Berlinguette and his colleagues have
found that heteroatom substitution in the
aliphatic chains can have a dramatic influ-
ence on dye regeneration in the context of
organic dyes on the triphenyamine (TPA)
unit, increasing the dye regeneration rate
of up to three times with a cobalt elec-
trolyte.[3] Since the TPA unit is directly
donating into the organic dye systems, it
was of interest to see if the same principle
could be applied to metal-centered dyes.
In this regard, Yin et al. synthesized a se-
ries of sulfur-atom containing ligands for
Ru(ii) sensitizers (CJ1, CJ2, CJ3) aiming
to gain a greater understanding of the dye
regeneration process and further improve
the compatibility of ruthenium dyes with
cobalt electrolyte systems.[4]

Motivated by the high efficiencies
achievable with black dye (N749), dif-
ferent cyclometalated ruthenium(ii) dyes
with tridentate ligands are introduced. It
is known that monodentate isothiocyanate
ligands in black dye can uncoordinate eas-
ily, therefore tridentate cyclometalating
ligands are used instead as the donating
ligands to attain absorption spectrum close
to that of black dye. SA-53 and SA-63 as
representative dyes were synthesized by
Aghazada and are illustrated in Fig. 3. In
both dyes, alkoxy-substituted derivatives
of triarylamine were incorporated on to
the cyclometalating ligands to ensure hole
extraction.

2.2 Metal-free Organic Sensitizers
Despite the fact that ruthenium-based

complexes worked well and have been the
most popular sensitizers over the past two
decades, metal-free organic dyes became
strong competitors as sensitizers in DSSCs
due to their high molar extinction coeffi-
cient (50,000–200,000M–1 cm–1), low cost,
and high design flexibility of the mole-
cules. Although organic sensitizers typi-
cally have narrower spectral bandwidths
(∆λ ≈ 100–250 nm), great efforts have
been made in designing and synthesizing
panchromatic organic sensitizers over the
past few years.[5]

Fig. 5. Schematic drawing of D-π-A type organic dye and examples of the donor, π-spacer and
acceptor with anchoring components.

Fig.6. Representative metal-free organic sensitizers.
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Donor-π spacer–acceptor (D-π-A) ar-
chitecture, in which electron-rich (donor)
and electron-poor (acceptor) moieties are
connected through a conjugated (π) bridge,
represents the most commonly adopt-
ed molecular structure for organic dyes.
The acidic anchoring group is normally
attached to the acceptor part as shown in
Fig. 5 or donor parts for p-type DSSCs to
couple the molecule to the oxide surface.
Photoexcitation induces an electron trans-
fer from the donor to the acceptor moiety,
so that the electron wavefunction couples
to the titania conduction band states, while
the hole wavefunction resides mainly away
from the oxide surface to facilitate the in-
teraction with the redox couple. Alkyl
chains are normally attached to the pe-
riphery of the sensitizer to create a shield
between holes in the redox couple and
electrons in the titania, hence inhibiting
recombination.[6]

Bearing the BPTPA donor, organic
D-π-A dyes NT35 and G220, were syn-
thesized and compared with G221 by Gao
et al.[7] (Fig. 6). The DSSC devices based
onNT35 andG220 showed higher J

SC
, V

OC
and better visible light spectra response in
combination with the cobalt-based electro-
lyte than with an iodide-based electrolyte.
The electron lifetime data indicates that the
BPTPA donor has the ability to suppress
electron recombination between TiO

2
anode and redox couple. Therefore, the
G220-based device shows the best PCE of
9.06%. Frey et al. synthesized a new sen-
sitizer (JF419) using a fluorene moiety to
modify the BPTPA donor[8] (Fig. 6). Due

to meticulous design, the DSSCs based on
JF419 give PCE up to 11.1% at half sun,
and 10.3% overall efficiency at AM 1.5 G
simulated full sunlight in the presence of
cobalt redox species.

We have designed and synthesized a
series of high-performance blue-colored
DPP-derived sensitizers, which widened
the color palette of this promising, deco-
ratively pleasing solar cell technology.[9]
We tried to increase the near infra-red
(NIR) light response of asymmetric DPP
dyes by further engineering the conjugat-
ed π-bridge and modulating the donat-
ing moieties (Fig. 6). These sensitizers
provided good compatibility with cobalt
electrolyte and the highest PCE for DPP-
based sensitizers, to date. When used in
combination with the cobalt redox system,
high power conversion efficiencies up to
8–10% were achieved, in particular more
than 9% for DPP15 and higher than 10%
for DPP17. Moreover, all dyes showed an
attractive blue color in both solution and
thin film state.

Gao et al. evaluated a range of organ-
ic sensitizers with the elongation of the
π-bridges (G188, G234, G268, G270)[10]
(Fig. 6). The series of sensitizers showed
slowly red-shifted electronic UV-vis spec-
tra and a continuous decrease in oxidation
potential, with which however, the pho-
to-to-current response spectrum measure-
ments did not agree for the corresponding
devices. The compromised effect out of the
elongation of the conjugated bridge yields
the highest overall PCE of 9.24% forG268
with the second longest π-bridge. It is be-

lieved that a study of structure–property
tuning will help the understanding about
better molecular design and synthesis of
highly efficient organic sensitizers.

We have developed a facile synthesis of
Ullazine from simple commercial starting
materials.[11]The Ullazine core possesses a
number of activated sites for the molecular
engineering of Ullazine-based derivatives
(Fig. 6). A DSSC device sensitized with
Ullazine-based dye JD21 exhibited broad
visible light spectra response giving rise
to a PEC of 8.4%. Due to the easy, scal-
able synthetic route and high performance
in devices, we expect the Ullazine-unit to
find broad applications in organic electron-
ics with potential industry interests for the
high-efficiency DSSCs.

2.3 Porphyrin and Phthalocyanine
Sensitizers

Enlightened by the essential role that
porphyrin derivatives play in photosyn-
thesis of plants, we and others have test-
ed numerous derivatives of porphyrin as
sensitizers for DSSCs.[12] It is worth not-
ing that in these sensitizers, the porphyrin
chromophore constitutes the π-bridge of
the D-π-A structure by itself. Mathew et
al. meticulously designed the D-π-A por-
phyrins to synchronously increase cobalt–
electrolyte compatibility and enhanced
light harvesting properties in these sen-
sitizers.[13] Modification of the porphyrin
chromophore with the bulky BPTPA do-
nor and a 4-ethynylbenzoic acid gave the
green-colored SM371 sensitizer, which
exhibited a PCE of 12%.[14] Coupling of
the proquinoidal BTD unit into SM371
afforded the panchromatic absorbing
SM315 sensitizer (Fig. 7). SM315 demon-
strated an enhancement in the absorption
of the valley region inducing an increased
J
SC

of 18.1 as compared to 15.9 mA cm–2

for SM371. Despite a slightly decreased
V

OC
down to 0.91 V, the much increased

J
SC

of SM315 results in an overall PCE
of 13.0%, outperforming SM371 (Fig. 8).
Therefore, sensible molecular engineering
of meso-substituted porphyrins allowed
chemists to realize high-performance sen-
sitizers, SM371 and SM315, that exhibit
unprecedented photon-to-current conver-
sion efficiencies under standard AM 1.5 G
illumination.

Phthalocyanines (Pcs) are structural
analogues of porphyrins with similar broad
light-harvesting abilities in the long wave-
length red and NIR spectral regions.[15,16]
In view of the fact that porphyrins always
suffer from low photo-stability and low
molecular absorption coefficients in the
NIR region where, however, the flux of so-
lar photons is at a maximum, the Pcs have
the ability to compensate this disadvantage
due to their extremely high absorbance
in the NIR region of the electromagnetic

Fig. 7. Structures
of porphyrin and
phthalocyanine
sensitizers. The
structures have
been coded SM371,
SM315, ZnPc 1, 2, 3,
and TT40.
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spectrum. In addition, Pcs have reason-
able thermal and chemical stability and
present appropriate energy offsets when
used as sensitizers for TiO

2
films, thus

presenting themselves as perfect light-har-
vesting molecules for light-to-electricity
conversion devices. Ince et al. synthe-
sized a number of novel NIR-absorbing
zinc-based phthalocyanines with a donor–
chromophore–acceptor/anchoring group
regime to investigate their performance in
solar cell devices. In order to extend the
absorption spectra, benzodithiadiazole
was used as an electron acceptor moiety.
2,6-Diphenylphenoxy bulky groups were
attached to maintain the minimization of
aggregation and the carboxylic acid or the
anhydride unit was adopted as an anchor-
ing group.[17] These dyes are utilized as
sensitizers in dye-sensitized solar cells and
compared with that of reported Pc sensitiz-
er TT40, which has an ethynyl bridge be-
tween the anchoring carboxy group and the
Pc chromophore. The new ZnPcs showed
red-shifted absorption maximum of ca. 10
nm compared to that of TT40. However,
although the red-shifted spectral response
is promising, these cells gave only modest
PCE of ca. 3%, due to the lower LUMO
level of the new Pcs, hindering efficient
electron injection from the excited sensi-
tizer to the TiO

2
.

3. Organometal Trihalide
Perovskites

During the past 20 years, oxide per-
ovskites, alkali metal halide perovskites
and organometal halide perovskites
(AMX

3
) have been extensively studied.

These perovskites consist of a wide range
of organic cations (A: aliphatic or aromat-
ic ammonium) and divalent metal cations
(M: Cu2+, Ni2+, Co2+, Fe2+, Mn2+, Pd2+, Cd2+,
Ge2+, Sn2+, Pb2+, Eu2+, etc.) (Fig. 9).Among
these combinations, perovskites contain-
ing methylammonium (MA) or forma-
midinium (FA) as the A cation and metals

from the fourth main group (4A, including
Ge2+, Sn2+, Pb2+) as the M cation raised in-
terest due to their excellent optoelectronic
properties and potential for low-tempera-
ture solution processable films.[18] For ex-
ample, the methyl ammonium lead iodide
(CH

3
NH

3
PbI

3
) perovskite material has a

panchromatic absorption (down to ca. 800
nm), direct band gap (1.55 eV), a large ab-
sorption coefficient (1.5 × 104 cm–1 at 550
nm),[19] low exciton binding energy (<25
meV in MAPbI

3
),[20] very high charge car-

rier mobility (66 cm2/Vs for MAPbI
3
),[21]

ambipolar charge transport,[22] large
electron and hole diffusion lengths
(175 µm)[23] and low non-radiative recom-
bination rates.[24]

Organic–inorganic hybrid perovskites
for thin film photovoltaics came into the
spotlight because of their high efficiency,
low cost and the versatility in fabrication
methods of these materials.[25] Fig. 10
shows schematically the working mech-
anism of a perovskite solar cell. Upon
illumination of light, several following
processes happened: (i) excitons or free
charges generated instantly, (ii) electrons
migrate toward titania, (iii) holes migrate
toward the HTM (or, equivalently, electron
migrate from the HTM to the perovskite)
and (iv) radiative/non-radiative recom-
bination of photogenerated species. To
achieve high performance, the process (iv)
must happen on much slower timescales
than the charge generation and extraction
processes (i)–(iii).

The perovskite absorber layer was de-
posited usingdifferentmethods as shown in
Fig. 11: (a) One-Step Precursor Deposition
(OSPD);[26,27] (b) Sequential Deposition
Method (SDM);[26,28] (c) Dual-Source
Vapor Deposition (DSVD);[26,29] (d)Vapor-
Assisted Solution Process (VASP);[30] (e)
two-step spin-coating in situ intercala-
tion;[31] (f) anti-solvent post-treatment;[32]
(g) solvent-solvent extraction (SSE);[33]
and (h) drop-casting.[34] Out of these dif-
ferent methods, the One-Step Precursor
Deposition (OSPD), SequentialDeposition
Method (SDM) and Dual-Source Vapor
Deposition (DSVD) are the most widely
used techniques for device fabrication due
to the excellent reproducibility.

Fig. 8. Comparison of (a) J–V curves under AM1.5 G illumination (100 mW cm–2) and (b)
photocurrent response spectra of SM371 (red) and SM315 (black).

Fig. 9. Basic
perovskite structure
is shown as ball and
stick model and their
extended network
structure consisting
of corner-shared
octahedra.

Fig. 10. One typical
schematic working
mechanism of a
perovskite solar cell.
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The sequential deposition method was
first developed by Mitzi et al. for the fab-
rication of perovskite film.[26] Burschka et
al. used this method to fabricate a solar
cell where the PbI

2
is spin-coated onto the

nanoporous titania film and subsequently
transformed into the perovskite by expos-
ing it to a solution of CH

3
NH

3
I.[28] The

perovskite film is formed instantaneously
within the nanoporous host upon contact-
ing the two components. The sequential
deposition method allows flexible control
over the perovskite crystallization proces-
sion compared to the traditional one-step
deposition method. Employing this tech-
nique, the reproducibility of the solid-state
mesoscopic solar cells’ performance is
greatly improved and a new record pow-
er conversion efficiency (PCE) of 15%
is measured under standard AM1.5G test
conditions (Fig. 12). This improvement in
the power conversion efficiency compared
to the dye-sensitized solar cells created new

opportunities for the low cost room tem-
perature fabrication of perovskite-based
thin-film devices.

Pellet et al. demonstrated a mixed cat-
ion perovskite (MA)

x
(FA)

1-x
PbI

3
(x = 0

to 1) sensitized photovoltaic device.[35]
The formamidinium cation is used to re-
place methylammonium in lead iodide
perovskites, trying to take advantage of

the red-shifted absorption onset of FAPbI
3

compared to that of MAPbI
3
. The mixed

cation perovskite MA
0.6
FA

0.4
PbI

3
exhibits

superior PV performance to the single cati-
on analogues owing to a higher short circuit
photocurrent without compromising the
photovoltage. Using this new perovskite,
it is possible to fabricate devices showing
14.9% PCE under the AM1.5G simulated

Fig. 11. Methods to prepare perovskite active layers. (a) One-Step Precursor Deposition (OSPD); (b) Sequential Deposition Method (SDM);
(c) Dual-Source Vapor Deposition (DSVD); (d) Vapor-Assisted Solution Process (VASP); (e) Two step Spin-coating;. (f) Anti-solvent Treatment;
(g) Solvent-solvent extraction (SSE); (h) Drop-casting.

Fig. 12. J–V curves
for a best-performing
cell made of
sequential deposition
method measured at
a simulated AM 1.5G
solar irradiation of
96.4 mW cm–2 (solid
line) and in the dark
(dashed line).
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solar spectrum (Fig. 13a). The strategy of
mixing organic cations represents a new
concept to further improve photovoltaic
efficiency of perovskite solar cells.

Malinkiewicz et al. fabricated a p-i-n
thin film solar cell using sublimated
CH

3
NH

3
PbI

3
perovskite layer as light

absorber and two very thin electron- and
hole-blocking layers of organic molecules.
[36] The uniform CH

3
NH

3
PbI

3
perovskite

thin film was prepared by dual-source
evaporation of the two precursors –
CH

3
NH

3
I and PbI

2
. The current–voltage

(J–V) characteristics of a typical small area
(0.09 cm2) perovskite solar cell measured
in the dark and under light intensities of
100, 50 and 10 mW cm–2 are shown in Fig.
13b. The short-circuit current density (J

SC
),

open-circuit voltage (V
OC
) and fill factor

(FF), are respectively 16.12 mA cm–2, 1.05
V and 0.67, at 100 mW cm–2 resulting in
a power conversion efficiency of 12.04%.
The high V

OC
indicates that there are scanty

surface and sub-band-gap states in the per-
ovskite film. The device performance un-
der full sun is remarkable in view of the
very thin perovskite film of only 285 nm.

Besides these record efficiencies, our
group also studied fundamental aspects
of the perovskite material and the impact
on the devices. For example, Dualeh et
al. studied the effect of annealing temper-
ature on film morphology of perovskite
solar cells,[37] impedance spectroscopic
analysis of perovskite solar cells[38] and
thermal behavior of methylammonium
lead-trihalide perovskite;[39] Qin et al.
used yttrium-doped nanocrystalline TiO

2
photoanodes for perovskite solar cells;[40]
Dar et al. investigated the role of chloride
in organic–inorganic halide perovskites.[41]
Finally, Lioz et al. fabricated hybrid lead
iodide perovskite and lead sulfide QD het-
erojunction solar cell to obtain a panchro-
matic response.[42]

3.1 New Hole-transporting
Materials for Perovskite Solar Cells

Selective contacts as an electron accep-
tor (hole blocking) and hole transporting
(electron blocking) layers are paramount
in perovskite solar cells for efficient
charge separation and extraction (Fig. 14).
The most commonly used selective con-
tact materials for electrons and holes in a
typical PSC are compact TiO

2
and spiro-

OMeTAD, respectively. Finding another
stable and cost-effective selective hole
contact is one of the main branch topics of
PSCs.A variety of hole-transporting mate-
rials with tunable HOMO levels of small
molecules[43–47] and polymers[48–50] and
inorganic CuI[51] and CuSCN have been
applied, which exhibited similar perfor-
mance to that of spiro-OMeTAD.

3.1.1 Organic Hole-transporting
Materials

Qin et al. applied a variety of new
organic hole-transporting materials to
replace spiro-OMeTAD including star-
shaped conjugated molecules,[52] oligo-
triphenylamine[53] and fused A-D-A type
oligoacenes[54] (Fig. 15). All these mole-
cules have suitable highest occupied mo-
lecular orbitals (HOMO) and the lowest
unoccupied molecular orbitals (LUMO),
so that the holes can be either injected from
the perovskite or extracted efficiently with
minimum driving force (Fig. 16). Under
optimized conditions, these new HTMs
showed similar or even higher power con-
version efficiency compared to that of
state-of-the-art spiro-OMeTAD.

We synthesized a series of novel
cost-effective spiro-type HTM molecules
(coded PST1 to PST4) (Fig. 15) for per-
ovskite solar cells (PSC) that work ef-
ficiently even without a cobalt dopant.
Especially, an X-ray diffraction study of
PST1 revealed a unique quasi-spiro mo-
lecular configuration and found multiple

CH/π and π-π intermolecular contacts.
The device based on PST1 exhibited a
PCE of 13.44%, and a comparable 12.74%
PCE was achieved with its undoped form,
which paves the way for developing new
low cost hole-transporting materials and
industrialization of perovskite solar cells.

Ramos et al. investigated a non-aggre-
gated phthalocyanine TT80 (see Fig. 15)
as HTM for perovskite solar cells.[55]After
optimizing the deposition solvent and the
additives, a maximum power conversion
efficiency of 6.7% is achieved for the best
cell under AM1.5G standard conditions
demonstrating that phthalocyanines are
suitable for the application as HTM in per-
ovskite solar cells. These findings provide
a way to engineer newHTM systems based
on these highly stable and hydrophobic
molecules to enhance overall stability of
the perovskite solar cells.

Most recently, Rakstys et al. and
Paek et al. synthesized two different new
HTM molecules for perovskite solar cells
(KR145 and PEH-1) (Fig. 15). They
showed very promising photo-to-current

Fig. 13. (a) J–V curves of the record cell based on (CH3NH3)0.6(HN=CHNH3)0.4PbI3 measured
under a simulated AM1.5G solar spectrum at 98.2 mW cm–2 and in the dark. (b) Photocurrent
density versus voltage at 100, 50 and 10 mW cm–2 and in the dark of the cell from dual-source
vapor deposition (DSVD).

Fig. 14. Energy level alignment for different materials acting as the electron selective contact
material (ETM) (left), absorbers (middle) and hole selective contact materials (HTMs) (right) in
solar cells. (The red arrows indicate the most commonly used materials).
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conversion efficiencies and much higher
stability compared with spiro-OMeTAD
based devices.

3.1.2 Inorganic Hole-transporting
Materials

Qin et al. explored the solution-
processed inorganic p-type HTM,
CuSCN in CH

3
NH

3
PbI

3
-based solar cells

(Fig. 17).[56] The use of CuSCN leads to an
overall efficiency of 12.4% representing a
65% increase in J

SC
and 9% in V

OC
when

compared with the device without HTM.
The high J

SC
and IPCE values suggest ef-

ficient charge extraction and collection
from the excited CH

3
NH

3
PbI

3
to TiO

2
and

CuSCN, respectively. This study provides
the opportunity for integration of an abun-
dant and inexpensive inorganic material
for printable photovoltaics devices and
green energy production.

3.2 Perovskite Photo-detector
Besides the applications in photovol-

taics, organometal lead halide perovskites
with a typical formula of CH

3
NH

3
PbX

3
(where X is Br, Cl or I) have also attracted
significant attention as new optoelectronic
materials for photodetectors,[57] light emit-
ting diodes[58] and lasers.[24]

Domanski et al. developed a novel
CH

3
NH

3
PbI

3
-based photodetector, which

is operated at low voltage (0.6 V) and is
characterized by a very high responsive-
ness in excess of 200 A W–1 (Fig. 18b).
This translates to peak IPCE of 50,000%
and an average gain of 1700. The detector
employs a geometry similar to the one pre-

viously demonstrated by us for efficient so-
lar cells (Fig. 18a).[59]The detector exhibits
high performance over a broad spectrum
covering near UV and extending into the
entire visible range while being IR-blind
(IR is the main source of noise for Si pho-
todetectors). Strong photocurrent amplifi-
cation is observed when biasing the device
in reverse bias (Fig. 18c). Although the
device does not employ a blocking layer,
it displays a decent photovoltaic efficien-
cy of 11.1% when biased in the forward
direction. Our results indicate that per-
ovskite materials are promising candidates
for low-cost, low-voltage and high-gain
photodetectors operating across a broad
visible spectrum. Due to their tuning abil-
ity of the bandgap by exchanging the A, B
or X side of the ABX

3
crystal this material

opens the possibility to adjust the absorp-
tion edge further into the red or blue.

4. Transition Metal Complexes for
OLED

The platinum group metal complexes
have found application in organic light

Fig. 16. Energy level diagram of respective HTM based perovskite solar cells indicating the
energy level requirement for the new HTMs.

Fig. 17. Schematics device architecture and energy diagram. (a) Schematic drawing of cross-
section of the perovskite solar cell: FTO glass, compact TiO2 underlayer, mesoporous TiO2 with
infiltrated CH3NH3PbI3, CuSCN HTM, and gold. (b) Energy level diagram of the device showing
favorable electron injection and hole extraction.

Fig. 15. Structures
of synthesized and
studied novel HTM
molecules.
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emitting diodes (OLED) because of their
enhanced singlet-to-triplet intersystem
crossing resulting in almost quantitative
phosphorescence quantum yields. In ad-
dition tuning the HOMO and the LUMO
levels of the metal complexes can shift
the color of these triplet emitters from
blue to red. The high quantum yields are
due to mixed-state emissions both from
ligand-centered (LC) transitions and met-
al-to-ligand-charged-transfer (MLCT)
transitions.[60] Choosing from the 5d
transition-metal series, transition metals
like iridium, platinum, and osmium can
achieve strong spin-orbit coupling and effi-
cient mixed states of singlet MLCT and the
ligand-based states, resulting in extremely
high phosphorescence efficiencies.

Phosphorescent iridium complexes
are one of the key components in organ-
ic light emitting diodes and light emitting
electrochemical cells. There are a number
of reasons for the choice of iridium met-
al complexes for OLED applications. The
most useful property of these complex-
es is the low molar extinction coefficient
in the visible regions, and formation of
colorless complexes. In addition the octa-
hedral complexes can be substituted with
tailored ligands to tune photophysical and
electrochemical properties.[61] Therefore, a
number of Ir(iii) complexes with different
types of ligands and/or ionic charges have
been made by judicious molecular engi-
neering.[62–74] (Fig. 19).

Baranoff et al. reported the iridium
complex N958 bearing a single ester
moiety as the acceptor group on the pyri-
dine of the main ligand. Because of that
the complex showed maximum emission

wavelength both in solution and as a thin
film in devices higher than 600 nm with-
out relying on extending the aromatic
delocalization or interligand energy trans-
fer.[65] Although the photo-luminescence
quantum yield of the iridium complexes is
at the low end of red-emitting, N958 is a
fairly good orange-red-emitting material
giving rise to devices with excellent ex-
ternal quantum efficiencies (EQE) up to
10% (Fig. 20a).

To realize an iridium complex with
degenerate emitting states of mixed char-
acter, we have developed N966 with very
broad emission, which can be perceived as
white light when tested upon photoexcita-
tion and electro excitation.[66] Although
the device efficiency is pretty low, the
preparation of a single molecular white
light-emitting phosphorescent emitter is
important because it demonstrates the
potential of single organo-metallic com-
plexes in the development of white LEDs
(Fig. 20b).

5. Metal Oxides or Alloys for CO2
Reduction and H2O Splitting

It is always desirable to realize efficient
electrochemical conversion of H

2
O and

CO
2
into fuel, which can be used as a

means to store energy produced by varia-
ble renewable energy sources such as solar
or wind. To realize large-scale deployment
of this kind of system, the development
of efficient electrocatalysts made of only

Fig. 19. Structures of synthesized and studied novel transition metal complexes for OLED.[62–74]

Fig. 18. (a) Architecture of the perovskite photodetector; (b) on-off response as the detector is
illuminated with 0.53 mW cm–2 550 nm light; (c) Current-voltage characteristics of the detector in
dark and under 100 mW cm–2 white illumination.
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earth-abundant elements is vital.[75–77] In
particular, more effective catalysts for ar-
tificial photosynthesis and electrolysis of
hydrogen or carbon-containing fuels are
required due to the fact that the 4-electron
oxygen evolution reaction (OER) is kinet-
ically slow.[76]

Using a molecular catalyst, for the first
time, Schreier et al. demonstrated an effi-
cient reduction of CO

2
to CO on a protect-

ed Cu
2
O photocathode[78] (Fig. 21a). The

device exhibited high photovoltages up to
560 mV and a photocurrent density of 2.1
mA cm–2, which is the highest photocur-
rent ever observed for CO

2
reduction on

an oxide material. The stable and selective
reduction of CO

2
over several hours is re-

alized through protection of the Cu
2
O pho-

tocathode byALD TiO
2
. It is observed that

protic electrolyte additives should be used
to overcome the unexpected charge trans-
fer limits on the protected photo-cathode
surface. Upon the observation of charge
transfer, we speculate that the protic ad-
ditive changes the catalytic pathway to
ignore charged catalyst intermediates. We
therefore expect these findings to be broad-
ly appreciated in the photoelectrochemical
community involving semiconductors and
molecular catalysts.

Luo et al. showed a very efficient and
cost-effective water-splitting cell using a
high efficiency solution-processed per-

ovskite solar cell and a dual-functional
earth-abundant catalyst[79] (Fig. 21b).
NiFe layered double hydroxide is used
as the catalyst electrode, which exhibits
high activity toward both the oxygen and
hydrogen evolution reactions in alkaline
electrolyte. A solar-to-hydrogen conver-
sion efficiency of 12.3% is achieved when
the two elements are combined, which
shows a water-splitting photocurrent den-
sity of around 10 milliamperes per square
centimeter. Currently, it is the perovskite
instability that is limiting the cell lifetime.

6. Conclusion

In this review, we have presented
an overview of the dedicated research
directions of the Group for Molecular
Engineering of Functional Materials
(GMF). This includes molecular engineer-
ing sensitizers constructed from ruthenium
complexes, organic molecules, porphy-
rins and phthalocyanines. Manipulation
of organometal trihalide perovskites, and
charge transporting materials for high per-
formance perovskites solar cells and pho-
to-detectors were described. Controlling
phosphorescence color, and quantum
yields in iridium complexes by tailoring
ligands for organic light emitting diodes
are demonstrated. Efficient reduction of

CO
2
to CO using molecular catalysts on a

protected Cu
2
O photocathode, and cost-ef-

fective water-splitting cell using a high ef-
ficiency perovskite solar cell are presented.
With the dedicated students and post-docs,
the group is optimistic to push the research
frontiers and find solutions to the energy
and environment.
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