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Structure of Diethyl-Phosphonic Acid Anchoring Group
Affects the Charge-Separated State on an Iridium(III)
Complex Functionalized NiO Surface
Ruri Agung Wahyuono+,[a, b] Sebastian Amthor+,[c] Carolin Müller,[a, b] Sven Rau,*[c] and
Benjamin Dietzek*[a, b, d]

Cyclometalated Iridium(III) complexes, i. e. [Ir(C N)2(dppz)][PF6],
bearing either two or four -CH2PO(OH)2 anchoring groups
(IrP2dppz or IrP4dppz) are explored as photosensitizers for p-
type dye sensitized solar cell (DSSC). The synthetic route is
described and the iridium(III) complexes are characterized with
respect to their electrochemical and photophysical properties.
The modified anchoring ligand geometry exploited in this work
not only alters the electronic nature of the complex (that is by
destabilizing the LUMO energetically) but more importantly
improves the grafting ability of the complex towards the NiO

surface. The photoinduced long-lived charge separated state
(CSS) at the NiO j IrPxdppz interface is of a different nature
comparing the two complexes. For IrP2dppz and IrP4dppz the
electron density of the CSS dominantly resides on the dppz and
the C N ligand, respectively. The stability of the CSS can be
correlated to the solar cell performance in NiO-based p-DSSCs,
which yield conversion efficiencies which are among the
highest in the class of iridium(III) complexes developed for p-
DSSCs.

1. Introduction

The development and improvement of dye-sensitized photo-
cathodes might enable tandem dye-sensitized solar cells
(DSSCs) as well as photocathodes for H2 generation or CO2

reduction.[1,2] Despite significant improvements the perform-
ance of p-DSSCs (η=2.51 %) remains inferior compared to their
counterpart n-DSSCs (η>13%).[3] The low efficiency (η) of p-
DSSCs roots in the rapid recombination of the charge-
separated states typically within a few hundred ps. Thus, rapid
hole injection from the dye into the valence band (VB) of NiO

and the lifetime of the charge-separated state (CSS), h+(NiO) j
Dye*� , are the key to be optimized.[4] Molecular design for
sensitizers in p-DSSCs requires the highest occupied molecular
orbital (HOMO) to be localized in the proximity to the NiO
surface, ideally with orbital overlap to the VB orbitals of NiO.
Meanwhile, the lowest unoccupied molecular orbital (LUMO)
extends away from the NiO surface.[1–5]

To date the organic push-pull dyes serve as benchmark
photosensitizers for NiO-based p-DSSCs.[6–8] However, also
Ruthenium complexes, more specifically structural derivatives
of the paradigm photosensitizer [Ru(bpy)3]

2+ (bpy =2,2’-bipyr-
idine), perform comparably well.[9–15] To increase the perform-
ance of Ru(II)-complex sensitized photocathodes, modifications
of the ancillary, i. e. the non-anchoring ligand have been
introduced. Such modifications include, e. g., trifluoromethyl-
substitution[10] and a π-extension of the ligand utilizing
dipyridophenazine (dppz) ancillary ligands.[11] Both approaches
stabilize the charge separated states by pushing the electron
density away from the NiO surface.[10,11] Recently, cyclometa-
lated Ruthenium(II) complexes [Ru(N N)2(C N)]+ complexes
[N N =diimine ligand, C N =bidentate cyclometalated phenyl-
pyridine (ppy)] have been suggested as promising lead
structures for molecular photosensitizers in p-DSSCs.[12–15] The
HOMO, localized on the Ruthenium ion, extends to the anionic
phenyl ring of ppy ligand whilst the LUMO is localized on the
N N ligand.[16,17] Thus, various anchoring groups such as
carboxylic acid, phosphonic acid, or catechol, can be intro-
duced to the cyclometalated ligand.[18] This design concept can
be extended to cyclometalated Iridium(III) complexes. Their
excited-state are strong oxidants thus favoring hole injection to
the VB of NiO.[19–25] Recently, Odobel and co-workers systemati-
cally studied the performance of Iridium(III) photosensitizers
with different anchoring groups in the presence of various
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redox mediators:[21] Long-lived CSS, which are key to DSSC
performance, were achieved by using anchoring groups
electronically decoupled from the dye.[18,21]

In this study, cyclometalated Iridium(III) complexes with a
π-accepting dipyridophenazine (dppz) ancillary ligand are
exploited for p-DSSCs. The complexes are functionalized with

phosphonic acid anchoring groups electronically decoupled
from the chromophore by a CH2-group (see Figure 1). A
phosphonic acid anchor joined via a CH2 spacer yields a more
stable linkage towards the metal oxide surface than carboxylic
acids in aqueous media[26] while at same time providing a
sufficiently strong electronic coupling between C N ligand and
NiO, which results in a rapid hole injection.[27] In addition, the
effect of two or four anchoring groups, i. e. IrP2dppz and
IrP4dppz (Figure 1) to the photoinduced charge separation in
the photocathode and the resultant p-DSSCs will be inves-
tigated.

2. Results and Discussion

2.1. Optical and Electrochemical Properties

The UV/Vis absorption and emission spectra of IrP2dppz and
IrP4dppz in a mixture of H2O:ACN (1 : 9, %v/v) are shown in
Figure 2 and the photophysical data is summarized in Table 1.
The specific solvent mixture containing H2O was used for
solubility reasons as the compounds exhibit very low solubility
in purely organic solvents, due to their high amount of
phosphonic acid moieties. The absorption spectra of both
complexes feature an intense absorption at 275 nm due to
spin-allowed π-π* ligand-centered (1LC) transition on the dppz
ligand.[23] The absorption bands between 350 to 400 nm are
attributed to 1MLCT (metal-to-ligand charge transfer) and 1LLCT
(ligand-to-ligand charge transfer) transitions. The visible ab-
sorption band stems from triplet states due to the strong spin-
orbit coupling.[19–25] Despite the weak absorption in the visible
regime, the extinction coefficient of IrP4dppz (0.6×
104 M� 1 · cm� 1 at 450 nm) is higher than that of IrP2dppz (0.2×
104 M� 1 · cm� 1). Quantum chemical studies on related Ir-dppz
complexes bearing carboxylic acid anchoring groups reveal
that the LUMO is localized on the pyrazine part of the dppz
ligand, while the HOMO is localized on both the Iridium metal
center and the anchoring cyclometalated CN ligands.[23]

The MLCT absorption band of IrP2dppz at 383 nm is slightly
blue-shifted upon introducing two additional anchoring groups
in IrP4dppz. In line with the absorption shift, a slight
hypsochromic shift (40 meV) is found for IrP4dppz compared to
the emission maximum of IrP2dppz at 533 nm. This indicates
that the electronic nature of IrP2dppz is altered by the addition
of the two additional anchoring groups. Both complexes show

Figure 1. Structure of cyclometalated iridium(III) complexes bearing either
two (IrP2dppz) or four phosphonic acid (IrP4dppz) anchoring groups.

Figure 2. UV/Vis absorption and emission spectra of IrP2dppz and IrP4dppz
in solution. The emission spectra were recorded upon excitation at 355 nm.
Peaks at emission spectra marked with asterisk [*] are the Raman scattering
from the solvent mixture, i. e. H2O:ACN (1 : 9, %v/v).

Table 1. Photophysical and electrochemical properties of IrP2dppz and IrP4dppz.

Dye λabs [ɛ][a] λem [τ][b] Eox
[c] Ered,1

[c] Ered,2
[c] Ered,3

[c] Ered,4
[c] Ε0–0

[d] ΔGinj
[e] ΔGreg

[f]

IrP2dppz 276 (10.2), 362 (1.9), 383 (1.7) 533 (23.9) + 0.82 � 1.32 � 1.66 � 1.83 � 2.10 2.64 � 1.43 � 1.06
IrP4dppz 274 (10.1), 358 (2.4), 376 (2.1), 478* (0.2) 523 (14.4) + 0.82 � 1.39 � 1.62 � 2.06 � 2.35 2.62 � 1.35 � 1.12

[a] λabs in nm. ɛ in 104 × M� 1 · cm� 1. Asterisk indicates an absorption shoulder. The extinction coefficient of IrP2dppz was determined in an H2O:ACN mixture
(5 : 95, %v/v) while for IrP4dppz the corresponding ethyl ester (IrP4dppzEt) was used due to solubility reasons. [b] Given in ns. Emission lifetime was measured
using time-correlated single photon counting. [c] In V vs Fc+ /0. Cyclic voltammograms were collected at an iridium(III) complex concentration of 2 mM in a
0.1 M solution of n-Bu4NPF6 in ACN and at a scan rate of 100 mV s� 1 at 25 °C. [d] E0–0 (in eV) is approximated from the crossing point of normalized absorption
and emission spectra.[29a] [e] ΔGinj is estimated according to: ΔGinj =EVB(NiO)–Ered(D*/D� ), where EVB(NiO) is � 0.12 V vs. Fc+ /0 and Ered(D*/D� )= Ered(D/D� )+ E0–0.
[f] ΔGreg is estimated according to: ΔGreg = Ered(D/D� )–E(I3

� /I� ), where E(I3
� /I� ) is 0.11 V vs. SCE[29b] which was referenced to Fc+ /0 by subtracting 0.38 V.[29c]
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weak 3MLCT phosphorescence in acetonitrile water
mixtures[20,25] with an emission quantum yield of about 0.002.

Cyclic voltammetry of IrP2dppz and IrP4dppz revealed a
quasi reversible one-electron oxidation at +0.82 V (vs. Fc+/Fc).
Both complexes exhibit four reversible reductions, which occur
for IrP2dppz at � 1.33, � 1.66, � 1.83, and � 2.10 V vs. Fc+/Fc. At
� 1.33 V the pyrazine part of the dppz ligand is reduced,[11]

while the other three reduction potentials are due to the
reduction of the phenanthroline part of the dppz ligand and
the C N ligands. The additional phosphonic anchoring groups in
IrP4dppz cause cathodic shifts of the CN ligand reductions by
about 250 mV. Based on the oxidation and third reduction
potentials the HOMO-LUMOC N gap for IrP2dppz and IrP4dppz
has been estimated to 2.65 and 2.88 eV, respectively. Mean-
while, the HOMO-LUMOdppz gap is estimated to be 2.11
(IrP2dppz) and 2.20 eV (IrP4dppz). A higher HOMO-LUMO gap
in IrP4dppz is in line with the blue shift observed in MLCT
absorption band as compared to IrP2dppz. The LUMO level
localized on both C N and dppz ligand is destabilized in
IrP4dppz (Figure 3). This LUMO destabilization likely causes the
LUMOdppz of IrP4dppz to be at approximately the same energy
as the LUMOC N of IrP2dppz. The different LUMOdppz energies in
both complexes can tentatively be correlated to different

degrees of bonding interaction between the Iridium centers
and the cyclometalated ligands with the pyrazine moiety of
dppz, a phenomenon recently observed for Pt-dihalogenido
complexes bound to tpphz ligands.[28] The joint electrochemical
and photophysical data can be used to estimate the Gibbs free
energies for hole injection (ΔGinj) and dye regeneration (ΔGreg),
when the complexes are used to sensitize NiO (Table 1): Both
hole injection and dye regeneration are thermodynamically
favorable for both IrP2dppz and IrP4dppz. ΔGinj is significantly
more negative compared to RuII complexes on NiO, for which
literature reports typical values for ΔGinj in the range from � 0.2
to � 0.5 eV.[11–15] These numbers imply a very efficient hole
injection that will be investigated using time resolved spectro-
scopy (vide infra).

The grafting of IrP2dppz and IrP4dppz onto NiO was
assessed by ATR IR spectroscopy (Figure 4). Typically, IR active
vibrations at 1210 cm� 1 (P=O stretch), 1168 cm� 1 (P� C stretch),
1000–1100 (O� P� O stretches), and 900–1000 cm� 1 (P� OH
stretches) characterize a phosphonic acid anchoring group.[30]

Upon grafting of the complexes to NiO, the intensity of the IR
band at 900 cm� 1 decreases significantly indicating the com-
plexes are bound to NiO surface via P� OH. Considering the loss
of IR intensity at 900 cm� 1 upon grafting on NiO, it is likely that
all phosponic acid in IrP2dppz are anchored to the surface,
while two or three phosponic acid groups in IrP4dppz are
bound to the surface. This result indicates that IrP4dppz might
yield stronger and more stable adsorption on NiO surface than
IrP2dppz. Furthermore, the frequency difference (Δν = νas–
νs)

[26a] between asymmetric and symmetric vibration of PO or
P� OH in solution (Δνfree) and grafted on NiO (Δνads) yields
insight into the binding mode. Since Δνads<Δνfree for IrP2dppz
and IrP4dppz, the phosphonic anchoring groups likely binds in
a bidentate manner, i. e. yielding a stable sensitization as
prerequisite for photoinduced charge transfer between the
photoexcited sensitizers and the NiO.

The emission lifetimes of IrP2dppz and IrP4dppz in solution
(H2O:ACN mixture, 1 :9, %v/v) (23.9 and 14.3 ns, respectively,
Figure 5) are relatively short compared to typical Iridium(III)
complexes with emission lifetimes from hundreds ns to μs.[21–23]

This short emission lifetime is attributed to emission quenching
due to hydrogen bonding of the solvent to the pyrazine-N
atoms of the dppz ligand.[31] Grafting of the complexes onto
the redox-inert ZrO2 surface yields a fast decay within the
experimental response and an additional slow component,
which is characterized by a lifetime of τ=7.3 and 11.2 ns for
IrP2dppz and IrP4dppz, respectively. While the fast component
is attributed to the experimental response function the ns-
decay time recorded for the complexes on ZrO2 is comparably
shorter than the lifetime measured in solution. This shortened
emission lifetime upon grafting the complexes onto ZrO2 likely
originates from self-quenching due to high density of com-
plexes immobilized on ZrO2.

[32] Upon grafting the complexes to
a NiO surface the lifetime is further significantly shortened to
τ=2.0 and 3.4 ns for IrP2dppz and IrP4dppz, respectively. As
previously described in literature,[9,11] the quenching of the
sensitizers emission on NiO indicates hole injection from the
photoexcited Iridium(III) complex to NiO.

Figure 3. Molecular orbital energy of IrP2dppz and IrP4dppz estimated from
the electrochemical data: HOMO = � (Eox+ 4.8) eV and LUMO= � (Ered +4.8)
eV.

Figure 4. ATR-IR spectra of IrP2dppz and IrP4dppz measured both in solution
and grafted on NiO.
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2.2. Femtosecond Transient Absorption Spectroscopy

Both IrP2dppz and IrP4dppz were studied in solution by
ultrafast transient absorption upon excitation at 400 nm, where
both MLCT and LLCT transitions are excited.[23] The transient
absorption data (Figure 6) exhibit two distinct peaks at 460 and
580 nm, which are assigned to excited state absorption of
cyclometalating C N ligand (3MLCTC N) and dppz ligand (3MLCT
dppz), respectively. This assignment is based on UV/vis-spectroe-
lectrochemical (SEC) data (Figure S25 and Figure S26 in the
Supporting Information) and literature,[25,31] which shows char-
acteristic absorption peaks at 450 and 550 nm upon reduction
of the C N and the dppz ligand, respectively (see also grey
spectra in Figure 6e and Figure 6f). At early delay time, e. g.
0.5 ps, the intensity ratio of the ESA bands at 460 to 560 nm is
1.71 and 0.95 for IrP2dppz and IrP4dppz, respectively. This
points to the fact that photoexcitation of IrP2dppz at 400 nm
more preferentially excites an MLCT transition towards the C N
ligand as compared to the excitation in IrP4dppz. This is in line
with the destabilization of the LUMOC N as already inferred from
the electrochemical data (vide supra).

A quantitative analysis of the transient absorption data is
based on a global fit of a sum of exponential functions
including an infinite component representing the long-lived
signal contribution, which does not decay within the range of
experimentally accessible delay times. The result of the fit, in

terms of kinetic traces and decay-associated spectra (DAS) is
depicted in Figure 6. The time characteristic first-order con-
stants obtained from the fit are summarized in Table 2. The first
kinetic components associated with τ1 =0.3 ps (IrP2dppz) and
1.3 ps (IrP4dppz) reflect slight blue shifts of the ESA features at
460 and 570 nm. Hence, τ1 is assigned to vibrational cooling of
the 3MLCTC N and 3MLCTdppz. Inter system crossing (ISC) form the
initially populated singlet state to the triplet manifold is known
to occur on ultrafast timescales, i. e. <100 fs.[33a] Hence, ISC
escapes from the detection with the experimental setup used
in this study. The kinetic components associated with τ2 =17 ps
(IrP2dppz) and 22 ps (IrP4dppz) exhibit a decay of ESA at
450 nm and buildup of signal at 560 nm. Following the
assignment of DAS spectra of similar molecules in Ru(II)
complexes bearing dppz ligand,[33a,b] these kinetics are assigned
to decay of the equilibrated 3MLCTdppz state into an intra-ligand
charge transfer (ILCT) state localized on the phenazine part of
dppz ligand. Following the photophysics of the transition metal
complexes carrying the dppz ligand[33a,b] the kinetic process
associated with τ2 reflects an electron density shift from the
phenanthroline (phen) moiety coordinating the Ir(III) ion to the
central phenazine (phz) moiety of the ligand, i. e. 3MLCTdppz� -phen

t2
�! 3MLCTdppz� phz. This process is generally manifested in a
dispersion shaped decay-associated spectrum as observed here
for DAS(τ2). In correlation to the UV/vis-SEC spectra shown as
shaded area spectra in Figure 6(e, f) one should point out that
the first reduction of the dppz ligand reduces the phz moiety
instead of the phen part of the ligand.[11,33] Hence, the spectral
features observed in the UV/vis-SEC mimic the absorption of
the 3MLCTdppz� phz state, whose formation is reflected in DAS(τ2).
DAS(τ3) and DAS(τ4), which are spectrally similar for both
complexes, reflect the decay of the ESA bands at 460 and
570 nm. τ3 (731 ps (IrP2dppz) and 303 ps (IrP4dppz)) reflects a
stronger contribution of signal decay at 570 nm compared to
the long-lived component. Based on the spectroelectrochem-
ical analysis (vide supra) τ3 thus reflects partial decay of the
3MLCTdppz� phz state, which is typically observed in Ru-dppz
complexes on a sub-ns timescale in water containing
solvents.[34] This rapid decay of the 3MLCTdppz� phz is due to
interactions of the water molecules and the phz part of the
dppz-ligand due to intermolecular hydrogen bonds.[31] The >2-
ns component (τ4) indicates the decay of the resultant long-
lived excited state, likely a mixed 3MLCTC N/3MLCTdppz state to
the ground state.

Upon immobilization on NiO surface the transient absorp-
tion spectra of both complexes are markedly changed (Fig-
ure 7). For NiO j IrP2dppz, the transient absorption data at early

Figure 5. Time-resolved emission decay of (a) IrP2dppz and (b) IrP4dppz in
solution (H2O:ACN mixture, 1 :9, %v/v), on a redox inert surface ZrO2, and on
a NiO surface measured using time-correlated single photon counting. The
excitation wavelength was centered at 398 nm. Emission of immobilized dye
was measured by time-correlated single photon counting (TCSPC) in
ambient air.

Table 2. Characteristic time constants determined from the global fit of
transient absorption data of IrP2dppz and IrP4dppz recorded in solution
and on NiO.

System τ1 [ps] τ2 [ps] τ3 [ns] τ4 [ns]

IrP2dppz 0.3 17 0.7 >2
NiO j IrP2dppz 4.2 189 >2 –
IrP4dppz 1.3 22 0.3 >2
NiO j IrP4dppz 8.2 400 >2 –
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time delay show a positive ΔAbs peaking at 580 nm while the
signal at 460 nm becomes only barely visible. In contrast, the
transient absorption data for NiO j IrP4dppz display a band at
460 nm, which is slightly stronger than the signal at 560 nm.
The results qualitatively indicate that the electronic properties
of the two complexes are altered upon immobilization on NiO.

A global fit using a bi-exponential function (including an
infinite component) was sufficient to account for the transient
absorption data observed for the Iridium(III) complex jNiO
interface. The corresponding DAS are depicted in Figure 7 and
the corresponding time constant are listed in Table 2. For both
NiO j IrP2dppz and NiO j IrP4dppz, DAS(τ1) and DAS(τ2) show the
same spectral shapes. The kinetic component associated with
τ1 (4.2 and 8.2 ps for NiO j IrP2dppz and NiO j IrP4dppz,
respectively) shows a transient absorption decay at 460 nm, i. e.
in the spectral region that has been previously associated with
the reduced C N ligand. Hence, τ1 reflects the geminate

recombination of the electron residing on the reduced C N
ligand and a hole injected into the NiO. The charge separated
state, in which the electron resides on the dppz ligand is longer
lived (due to a larger spatial separation between the hole and
the electron) and decays with τ2 (189 and 400 ps for NiO j
IrP2dppz and NiO j IrP4dppz, respectively). The latter assign-
ment is also based on the position of the ESA band indicated in
DAS(τ2). This assignment, which is in line with the results from
spectroelectrochemistry (vide supra) implies that hole injection
from the photoexcited Iridium(III) complexes to the NiO occurs
ultrafast, i. e. faster than the time-resolution of our experiment.
This ultrafast hole injection reflects the large injection driving
force for hole injection as well as a strong electronic coupling
between the excited photosensitizer and the NiO. Furthermore,
this is in agreement with other literature reports on ultrafast
hole injection in NiO based photocathodes.[35]

Figure 6. Transient absorption spectra at different delay times, kinetic traces at selected wavelengths, and the decay-associated spectra of IrP2dppz (a,c,e) and
IrP4dppz (b,d,f) measured in solution containing water:ACN mixture (1 : 9, %v/v). Inset of (a) and (b) depicts transient absorption spectra at early delay times.
The excitation wavelength was 400 nm with an optical power of 0.21 mW. The grey area in panel (e,f) depict the absorption-difference spectra upon
electrochemical reduction of dppz (dark grey) and the C N (light grey) ligand. The absorption-difference spectra (Figure S25 and Figure S26 in the Supporting
Information for IrP2dppz and IrP4dppz, respectively) are arbitrarily scaled to the figure.
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DAS(τ3) reflects a decay of both ESA bands at 460 and
570 nm indicative of the reduced C N and reduced dppz
ligands, respectively. The comparably slow kinetics suggest that
the decay is due to non-geminate recombination of the
charge-separated states, an effect that has been detailed by
Hammarström and coworkers.[36a] Relating the initial amplitude
of the transient absorption signal to the signal remaining at
long delay times, it can be concluded that about 75 % of the
initially excited molecules populate a charge separated state,
i. e. either h+(NiO) jC N*� or h+(NiO) jdppz*� , irrespective of the
sensitizer. Comparing the shape of the DAS(τ3) for NiO j
IrP2dppz and NiO j IrP4dppz, it is apparent that the ratio of
band associated with the h+(NiO) jC N*� or h+(NiO) jdppz*�

change. For NiO j IrP2dppz the band intensity ratio is 2 : 3, while
it is 1 : 1 for NiO j IrP4dppz. This indicates a higher population in
the h+(NiO) jdppz*� (compared to the population of the h+

(NiO) jC N*� ) in NiO j IrP2dppz. We refer this result to the
increase in LUMOdppz energy upon adding the additional
phosphonate anchoring groups. As the LUMOdppz energy in
IrP2dppz is lower than IrP4dppz, localization of charge sepa-

rated state on dppz ligand becomes more accessible after
photoexcitation of NiO j IrP2dppz than NiO j IrP4dppz.

In addition to increasing the LUMO energy, extending the
anchoring groups from two (IrP2dppz) to four � CH2PO(OH)2

(IrP4dppz) slows down the geminate recombination kinetics by
roughly a factor of 2. We ascribe this hindered geminate
recombination to the increased steric bulkiness of the anchor-
ing group,[35b] likely hindering the reduced photosensitizer to
efficiently fluctuate into geometries with efficient electronic
coupling for charge recombination. Overall, the charge separa-
tion process including hole injection and recombination
occurring at the Iridium(III) complexes jNiO interface is illus-
trated in Figure 8.

2.3. Dye-Sensitized Solar Cells

IrP2dppz and IrP4dppz have been tested as photosensitizers in
p-DSSCs. The resultant J–V curves are shown in Figure 9a and
the solar cell parameters are summarized in Table 3. To

Figure 7. Transient absorption and the decay-associated spectra of (a,c) NiO j IrP2dppz and (b,d) NiO j IrP4dppz in contact with diluted I3
� /I� electrolyte in

acetonitrile. The excitation wavelength was centered at 400 nm with power of 0.21 mW.
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benchmark the results, we compare the data to NiO cathodes
sensitized with RuP4dppz, i. e. ruthenium(II)(bis[4,4'-bis((meth-
ylene)phosphonicacid)-2,2’-bipyridine][dipyrido-phenazine])
(PF6)2, integrated into p-DSSCs. The Iridium(III) sensitizers yield
higher short-circuit current densities (Jsc) than the RuII bench-
mark. IrP2dppz and IrP4dppz yield an average power con-
version efficiency (η) of 0.034 % and 0.078 %, respectively. These
values are superior to the efficiencies reported for Iridium(III)
dppz sensitizers with � COOH anchoring groups (0.013 %)[23] and
represent (to the best of our knowledge) the highest
efficiencies for NiO-based p-DSSCs using cyclometalated Iri-
dium(III) complexes as sensitizers and an I3

� /I� redox
shuttle.[21–23] The high photocurrent obtained here is due to
comparably high dye-loading (Γ) of the electrodes, i. e. 6.4(�
1.6)–11.3(�1.7) nmol · cm� 2, as compared to 1.8 (�0.1)
nmol · cm� -2 using the Ru-dppz complex. Despite the high
power conversion efficiency and increased photocurrent, the
molecular electron transfer at the NiO j IrP2dppz and NiO j
IrP4dppz interfaces, which characterizes the net flow of
electrons of sensitizer immobilized on the surface, is lower than
in NiO jRudppz (0.12–0.17 mA ·nmol� -1 vs 0.49 mA · nmol� 1). The
higher molecular electron transfer at NiO j IrP2dppz compared
to NiO j IrP4dppz is rationalized by the transient absorption
study, in which the longer-living h+(NiO) jdppz*� dominates
the CSS rather than h+(NiO) jC N*� .

The open circuit voltage (Voc) of NiO j IrP4dppz is two-fold
higher than in NiO j IrP2dppz. Voc is proportional to the shunt
resistance (Rsh) which predominantly stems from the recombi-
nation reaction at the NiO jdye jelectrolyte interface.[37b,c] There-
fore, electrochemical impedance spectroscopy (EIS) was carried
out to unravel the charge transfer process across this interface.
The resulting impedance data is shown in the Nyquist (Fig-
ure 10b) and Bode phase plot (Figure 10c). Upon irradiation the
semicircle of Nyquist plot associated with the NiO jdye jelectro-
lyte interface in the mid frequency region (10 to 500 Hz)

Figure 8. Schematic representation of the processes underlying (a) the fast
and (b) the slow decay of h+(NiO)/C N

*� and h+(NiO)/dppz
*� CSS following

photodriven hole injection from the excited Ir(III) photosensitizer to the
valence band of NiO. The fast and slow decay of CSS amount to 25 and 75 %
of CSS signal, respectively. Figure 9. (a) Current-voltage curves and impedance data, including (b)

Nyquist and (c) Bode plot, of p-DSSCs using IrP2dppz and IrP4dppz
measured under dark (solid circles) and 100 mW · cm� 2 solar simulator
irradiation (empty circles). As comparison, a current-voltage curve for a p-
DSSC using Rudppz complex is shown in panel (a).

Table 3. Solar cell parameters measured under 100 mW cm� 2 solar simu-
lator irradiation and electrochemical properties determined from electro-
chemical impedance spectroscopy.

Dye Voc

[mV]
Jsc

[mA · cm� 2]
FF η [%] Γ[a]

[nmol · cm� 2]
Rct

[kΩ]
τh

[b]

[s]

IrP2dppz 109 1.09 0.28 0.034 6.4 1.3 1.1
IrP4dppz 209 1.13 0.33 0.078 11.3 4.1 0.7
RuP4dppz 102 0.88 0.29 0.026 1.8 – –

[a] Dye-loading (Γ) was estimated from the dye desorption test using 1 M
NaOH solution in a water : ethanol mixture (1 : 1 v/v) for 2 h. [b] The hole
lifetime (τ) is determined from the product of the chemical capacitance (Cμ)
and the recombination resistance (RCT).
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becomes smaller indicating additional charge flow across the
interface due to charge injection from the photoexcited dye to
NiO electrode. The impedance data was further fitted using the
relevant equivalent circuit model[38] to extract relevant electro-
chemical parameters quantitatively (Table 3), such as charge
recombination resistance (Rct) and hole lifetime (τh) for
interfacial recombination with the reduced species in electro-
lyte. The analysis reveals similar τh but different Rct at the NiO j
IrP4dppz jelectrolyte interface (4.3 kΩ), which is higher than
that at the NiO j IrP2dppz jelectrolyte interface (1.3 kΩ). The
higher Rct is due to high NiO surface coverage (Γ) promoted by
a more stable grafting at NiO j IrP4dppz. Furthermore, higher Γ
is advantageous for the cell performance since it shields the
charge recombination reaction between either injected hole or
non-geminate hole on NiO surface with the reduced species in
the electrolyte (I� ).[25,37]

3. Conclusion

We have prepared cyclometalated Iridium(III) complexes with
dppz ancillary ligands bearing two different anchoring groups
as photosensitizers for NiO-based p-DSSC. The structural
pattern of the anchoring ligand, i. e. from two (IrP2dppz) to four
CH2PO(OH)2 (IrP4dppz), enables to tune the HOMO-LUMO gap
and modifies the grafting properties of the complexes. Both
complexes show potentially exergonic hole injection and dye
regeneration, which is important for applications in p-DSSC.
Transient absorption studies unravel the excited state dynamics

of the complexes in solution as well as the excited state charge
separation mechanism of the complexes immobilized on NiO.
The long-lived charge separated state (CSS) character distin-
guishes the nature between both complexes upon grafting on
NiO: h+(NiO) jdppz*� dominates the CSS at NiO j IrP2dppz while
h+(NiO) jC N*� dominates the CSS at NiO j IrP4dppz. However,
fast partial decay of the CSS on a few ps to hundreds ps
timescale could limit the sensitizer’s performance. Albeit their
low absorptivity in the visible regime both complexes work as
sensitizers in p-DSSCs with conversion efficiencies of up to
0.078 % for IrP4dppz due to its high grafting density on NiO.

Experimental Section

Synthesis of IrP2dppz and IrP4dppz

Ceric ammonium nitrate and sodium benzenesulfinate were
purchased from Alfa Aesar. 1-bromo-3-vinylbenzene was purchased
from ABCR. Triethyl phosphite and diethyl phosphite were
purchased from Sigma-Aldrich. The synthesis of dppz (dipyrido
[3,2-a:2’,3’-c]phenazine) is reported elsewhere.[39] 1H (400-MHz), 13C
(101 MHz) and 31P (162 MHz) NMR spectra were measured in CDCl3
or CD3OD with a Bruker DRX 400 spectrometer at 298 K. The
spectra were referenced to the solvent peak of chloroform (δ=

7.260 ppm) or methanol (δ=4.870 ppm). MS analysis was per-
formed on Bruker solariX (2010) Hybrid 7 T FT-ICR for MALDI, ESI
and APCI. The procedure for the synthesis of IrP2dppz and
IrP4dppz is shown in Figure 10. Ligand P2 can be synthesized
starting from1-bromo-3-(bromomethyl)benzene. The introduction
of the phosphonate was conducted by nucleophilic substitution

Figure 10. Synthetic scheme for the synthesis of IrP2dppz and IrP4dppz. i) PO3Et2, 80 °C, 12 h; ii) 2-(tributylstannyl)pyridine, Pd(PPh3)4, toluene, 120 °C, 48 h; iii)
sodium benzenesulfinate, NaI, CAN, acetonitrile, r.t., 45 min; iv) KOtBu, (H)OPO2Et2, r.t., 45 min; v) IrCl3, EtOEtOH, 3d, 130 °C; vi) dppz, CH2Cl2/EtOH, 2 h, 80 °C.
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and subsequent Stille-coupling with 2-(tributylstannyl)pyridine. P4
was synthesized starting from 1-bromo-3-vinylbenzene. The intro-
duction of the phosphonate involved vinylic substitution and
subsequent addition. Stille coupling with 2-(tributylstannyl)pyridine
led to P4. Both ligands were introduced to IrCl3 in 2-ethoxyethan-1-
ol at high temperature to form the corresponding dimers (P2)2IrCl2
and ((P4)2IrCl2. It has to be noted, that for P2 these conditions lead
to a loss of one or more ethyl groups on the phosphonates. The
dimers were than reacted with dppz in a mixture of dichloro-
methane and ethanol to form the diethyl phosphonate complexes
IrP2dppz

Et and IrP4dppz
Et. Only small amounts of the diethyl

phosphonate compound IrP2dppz
Et could be isolated and were

used for the electrochemical characterization. Surprisingly the loss
of ethyl groups was not present in P4, therefore IrP4dppzEt could
be isolated. IrP2dppzEt and IrP4dppzEt were subsequently depro-
tected using TMSBr to form the free phosphonic acid IrP2dppz and
IrP4dppz. Due to the chiral character of ligand P4 and the Δ,Λ-
isomerism in IrP4dppzEt and IrP4dppz, the 1H� as well as the 31P-
NMR spectra are very complicated. Especially the 1H-NMR is hard to
interpret in the aliphatic region (SI, Figure S19).

Diethyl (3-bromobenzyl)phosphonate (1)

A mixture of 1-bromo-3-(bromomethyl)benzene (1 g, 4 mmol) and
triethyl phosphite (8.6 mL, 50 mmol) was heated to 100 °C for 12 h.
Triethyl phosphite was removed under reduced pressure and 1
could be isolated as a colorless oil in quantitative yield.
1H NMR (400 MHz, CDCl3) δ 7.42 (dtd, J =2.5, 2.1, 0.4 Hz, 1H), 7.38–
7.34 (m, 1H), 7.24–7.20 (m, 1H), 7.19–7.13 (m, 1H), 4.06–3.96 (m,
4H), 3.09 (d, J=21.7 Hz, 2H), 1.27–1.20 (m, 6H).
31P NMR (162 MHz, CDCl3) δ 26.65.

Diethyl (3-(pyridin-2-yl)benzyl)phosphonate (P2)

A solution of 1 (0.5 g, 1.6 mmol) in toluene (15 mL) was degassed
with Argon. To the solution 2-(tributylstannyl)pyridine (0.72 mL,
2 mmol) and Pd(PPh3)4 (0.2 g, 0.2 mmol) were added under an
Argon flow. The mixture was heated to reflux for 48 h under an
Argon atmosphere. After that time the solvent was evaporated
under reduced pressure and the crude product was purified using
column chromatography (silica, EtOAc/MeOH, 8/1, v/v). The so
obtained yellow oil was taken up in n-hexane and the solid was
filtered off. After evaporation of the solvent P2 could be obtained
as off-white oil (263 mg, 53 %).
1H NMR (400 MHz, CDCl3) δ 8.70–8.56 (m, 1H), 7.90 (dt, J =1.8,
1.2 Hz, 1H), 7.84 (ddd, J =7.6, 3.6, 1.8 Hz, 1H), 7.71–7.69 (m, 1H),
7.69 (d, J =1.4 Hz, 1H), 7.41–7.36 (m, 1H), 7.36–7.31 (m, 1H), 7.18
(ddd, J =5.3, 4.8, 3.2 Hz, 1H), 4.05–3.87 (m, 4H), 3.21 (d, J= 21.6 Hz,
2H), 1.27–1.14 (m, 6H).
31P NMR (162 MHz, CDCl3) δ 27.48.

HRMS (ESI, acetonitrile): C16H20NO3P calc. 306.12536; found
306.12468 [M]+.

1-Bromo-3-(2-(phenylsulfonyl)vinyl)benzene (2)

2 was synthesized by a literature known procedure.[40] 1-bromo-3-
vinylbenzene (0.5 g, 2.76 mmol), sodium benzenesulfinate (0.68 g,
4.14 mmol) and NaI (0.62 g, 4.14 mmol) were added to a Schlenk
flask and acetonitrile (36 mL) was added. The mixture was
degassed with argon. A solution of Ceric ammonium nitrate (3.5 g,
6.35 mmol) in acetonitrile (24 mL) was degassed with argon and
added to the mixture in the course of 45 min. After that time the

solvent was removed under reduced pressure. The crude product
was diluted with water and extracted with dichloromethane. The
organic layer was washed with water, saturated sodium thiosulfate
solution and brine. After recrystallized from n-hexane the product
could be isolated as an off white solid (480 mg, 54 %).
1H NMR (400 MHz, CDCl3) δ 7.95 (d, J=7.2 Hz, 2H), 7.64–7.53 (m,
6H), 7.41 (d, J= 7.9 Hz, 1H), 7.28 (d, J= 8.0 Hz, 1H), 6.87 (d, J=

15.4 Hz, 1H).

HRMS (APCI): C14H12BrO2S calc.322.9741; found 322.9746 [M+H+]+.

Tetraethyl (1-(3-bromophenyl)ethane-1,2-diyl)bis
(phosphonate) (3)

3 was prepared using a literature known procedure.[41] A degassed
mixture of diethyl phosphite (3.2 g, 23 mmol) and Potassium tert-
butoxide (505 mg, 4.5 mmol) was added to 2 (0.48 g, 1.5 mmol).
Upon addition the instantaneously formed solution turned yellow.
The mixture was stirred under Argon at r.t. for 45 min. After that
time water was added and the aqueous solution was extracted
with diethyl ether. The combined organic layers were dried over
Magnesium sulfate and evaporated to dryness to yield 4 as off
white oil (393 mg, 57 %).
31P NMR (162 MHz, CDCl3) δ 27.93 (d, J= 80.7 Hz), 26.12 (d, J=

80.7 Hz).

HRMS (APCI): C16H27BrO6P2 calc. 457.0539; found 457.0539 [M+H+

]+.

Tetraethyl (1-(3-(pyridin-2-yl)phenyl)ethane-1,2-diyl)bis
(phosphonate) (P4)

A solution of 3 (0.37 g, 0.81 mmol) in toluene (15 mL) was degassed
with Argon. To the solution 2-(tributylstannyl)pyridine (0.37 mL,
1.01 mmol) and Pd(PPh3)4 (0.05 g, 40.50 μmol) were added under
an Argon flow. The mixture was heated to reflux for 48 h under an
Argon atmosphere. After that time the solvent was evaporated
under reduced pressure and the crude product was purified using
column chromatography (silica, EtOAc to EtOAc/MeOH, 8/1, v/v). P4
could be obtained as a colorless oil (62 mg, 17%).
1H NMR (400 MHz, CDCl3) δ 8.72 (s, 1H), 8.01 (s, 1H), 7.82 (s, 1H),
7.72–7.58 (m, 1H), 7.56–7.41 (m, 2H), 7.40–7.28 (m, 1H), 4.16–3.52
(m, 9), 2.55–2.50 (m, 2H), 1.35–1.00 (m, 12H).
31P NMR (162 MHz, CDCl3) δ 28.46 (d, J= 81.5 Hz), 26.90 (d, J=

81.5 Hz).

HRMS (MADLI): C21H32NO6P2 calc. 456.17049; found 456.16947 [M+

H+]+; C21H31NNaO6P2 calc. 478.15243; found 478.15125 [M+ Na+]+;
C27H40N4NaO6P2 calc. 601.23153; found 601.16363 [M+3 ACN+Na+

]+.

Dichlorotetrakis[diethyl (3-(pyridin-2-yl)benzyl)
phosphonate]-diiridium(III) ((P2)2IrCl2)

A mixture of IrCl3 · xH2O (0.170 g, 0.56 mmol) and P2 (0.08 g,
0.28 mmol) in 2-ethoxyethanol/water (4.50 mL, 3/1, v/v) was heated
to 130 °C for 3 days under an Argon atmosphere. After that time
water (20 mL) was added and the yellow precipitate was filtered off
(131 mg, 56 %).
1H NMR (400 MHz, CDCl3) δ 9.21 (d, J =5.1 Hz, 4H), 7.89 (d, J=

7.5 Hz, 4H), 7.78–7.68 (m, 4H), 7.50–7.45 (m, 4H), 6.78 (t, J= 5.9 Hz,
4H), 6.47 (d, J =8.1 Hz, 4H), 5.80 (d, J =7.5 Hz, 4H), 3.95–3.74 (m,
16H), 2.92 (dd, J =21.0, 2.9 Hz, 8H), 1.11 (dd, J=13.3, 7.0 Hz, 24H).
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31P NMR (162 MHz, CDCl3) δ 26.84.

[(P2)2Ir(dppz)](PF6) (IrP2dppz)

A solution of dppz (0.024 g, 0.084 mmol) in a 4 mL mixture of
dichloromethane/ethanol (3/1, v/v) was added to a solution of
((P2)2IrCl2) (0.071 g, 0.042 mmol) in 8 mL of the same solvent. The
mixture was heated to reflux for 2 h, after that time the color
changed from yellow to orange. The dichloromethane was
removed in vacuum and the product was precipitated by addition
of aqueous NH4PF6 (20 eq). The solid was filtered off and washed
with Et2O. The raw product was a mixture of ethyl phosphonate
and the free phosphonic acid. A small amount of the diethyl
phosphonate compound (IrP2dppzEt) could be isolated, which was
used for the electrochemical characterization, but it was decided to
deprotect the compound directly to simplify purification and
characterization. Therefore, the crude product was dissolved in
dichloromethane (10 mL) and was directly deprotected using
trimethylsilyl bromide (100 eq). After addition of methanol und
removal of the solvent in vacuum P2Irdppz was obtained as a
yellow powder (55 mg, 72 %).
1H NMR (400 MHz, CDCl3) δ 9.66 (dd, J= 8.3, 1.5 Hz, 2H), 8.37–8.20
(m, 4H), 7.93–7.88 (m, 4H), 7.84 (dd, J=8.3, 5.2 Hz, 2H), 7.63–7.60
(m, 2H), 7.56–7.49 (m, 2H), 7.24 (d, J=4.9 Hz, 2H), 6.75 (d, J= 7.8 Hz,
2H), 6.69–6.62 (m, 2H), 6.05 (d, J= 7.7 Hz, 2H), 2.74 (d, J =20.4 Hz,
4H).
31P NMR (162 MHz, CDCl3) δ 22.93.

HRMS (ESI, acetonitrile): C42H32IrN6O6P2 calc. 971.14849; found
971.14849. [M]+.

Dichlorotetrakis[tetraethyl (1-(3-(pyridin-2-yl)phenyl)
ethane-1,2-diyl)bis(phosphonate)]-diiridium(III) ((P4)2IrCl2)

A mixture of IrCl3 · xH2O (0.062 g, 0.136 mmol) and P4 (0.020 g,
0.068 mmol) in 2-ethoxyethanol/water (7 mL, 3/1, v/v) was heated
to 130 °C for 3 days under an Argon atmosphere. After that time
the solvent was removed under vacuum and the residue was
dissolved in a minimum amount of CHCl3. After addition of Et2O
the product could be filtered off as yellow solid. (82 mg, 56%).
31P NMR (162 MHz, CDCl3) δ 31.89 (d, J= 81.4 Hz), 29.94 (d, J=

81.4 Hz).

[(P4
Et)2Ir(dppz)](PF6) (IrP4dppz

Et)

A solution of dppz (0.020 g, 0.072 mmol) in a 2 mL mixture of
chloroform/ethanol (3/1, v/v) was added to a solution of ((P4)2IrCl2)
(0.082 g, 0.038 mmol) in 9 mL of the same solvent. The mixture was
heated to 80 °C for 2 h and stirred at r.t. for 12 h. After that time
the color changed from yellow to orange. The solvent was
removed in vacuum and the product was precipitated by addition
of aqueous NH4PF6 (20 eq). The crude product was purified by size
exclusion chromatography (sephadex LH-20, chloroform/methanol/
acetone, 3/3/4, v/v) to yield the diethyl phosphonate compound
(IrP4dppzEt) as an orange powder (77 mg, 75%).
1H NMR (400 MHz, CDCl3) δ 10.25–10.22 (m, 1H), 9.92–9.77 (m, 2H),
9.45 (dd, J=18.1, 4.9 Hz, 2H), 8.58 (t, J =8.1 Hz, 1H), 8.51–8.27 (m,
4H), 8.16–7.64 (m, 7H), 7.64–7.38 (m, 4H), 6.99 (d, J=4.4 Hz, 1H),
6.68 (dd, J =6.5, 5.1 Hz, 1H), 6.39 (dd, J= 10.2, 2.5 Hz, 1H), 4.29–3.58
(m, 16H), 2.68–2.45 (m, 6H), 1.50–1.09 (m, 24H).

31P NMR (162 MHz, CDCl3) δ 28.53–27.83 (m).

HRMS (MALDI): C60H70IrN6O12P4 calc. 1383.3631; found 1383.3629
[M]+.
13C NMR (126 MHz, CDCl3) δ 169.62, 167.29, 156.05, 155.72, 152.84,
152.21, 151.35, 150.09, 149.88, 149.38, 148.63, 143.28, 139.71,
138.54, 137.87, 136.22, 135.95, 135.28, 133.84, 132.30, 131.49,
130.44, 129.41, 128.15, 127.62, 126.63, 126.43, 126.00, 124.96,
124.30, 122.41, 120.03, 119.57, 63.32, 62.47, 61.86, 39.38, 38.33,
29.83.

[(P4)2Ir(dppz)](PF6) (IrP4dppz)

IrP4dppzEt was dissolved in dichloromethane and trimethylsilyl
bromide (100 eq.) was added. The solution was stirred for 12 h and
methanol was added to the solution. After removal of the solvent,
the crude product was purified by diffusion of diethyl ether into a
methanol solution of IrP4dppz
31P NMR (162 MHz, MeOD) δ 26.96 (d, J=63.7 Hz), 25.30 (d, J=

63.2 Hz).

Electrochemical and UV/vis Spectroelectrochemical
Measurements

UV/Vis absorption and emission spectra were measured using a
Varian-Cary UV-vis-NIR spectrometer and FLS980 photolumines-
cence spectrometer (Edinburg Instrument), respectively. The cyclic
voltammetry of IrP2dppz and IrP4dppz was measured on a Gamry
Interface 1010b Potentiostat/Galvanostat/ZRA with a glassy carbon
working electrode and a Pt-wire counter electrode in a temper-
ature-controlled cell under a constant Argon flow. For IrP2dppz
and IrP4dppz the corresponding ethyl ester was used for solubility
reasons. The dye was dissolved in ACN and the solution was
degassed with argon. TBAPF6 (0.1 M) was added as the supporting
electrolyte. The CVs were taken at a scan rate of 100 mV/s at 25 °C.
Spectroelectrochemical data was obtained by using a thin-layer
quartz glass spectroelectrochemical cell (1 mm path length,
Bioanalytical Systems, Inc.), equipped with a platinum counter
electrode, a Ag jAgCl-pseudoreference electrode and a glassy
carbon working electrode with a slit of 2 mm × 5 mm. UV/vis
spectra were collected during reduction of the complexes, i. e.
during chronoamperometry at various potentials. The UV/vis
spectra were obtained in transmission mode through the slit of the
glassy carbon working electrode using a single channel fiber optic
spectrometer (Avantes Inc., AvaSpec-ULS2048XL) with a deuterium-
halogen light source (Avantes Inc., AvaLight DH-S-BAL).

Time-Resolved Emission and Transient Absorption
Measurements

Time-resolved emission measurements were carried out by using
time-correlated single-photon counting (TCSPC).[9] A Ti:Sapphire
laser (Tsunami, Newport Spectra-Physics GmbH) was used as the
light source. The repetition rate is reduced to 400 kHz by a pulse
selector (model 3980, Newport Spectra-Physics GmbH). Afterwards,
the fundamental beam of the Ti-Sapphire oscillator is frequency
doubled in a second harmonic generator (Newport Spectra-Physics
GmbH) to create the 390-nm pump beam. The emission was
detected by a Becker & Hickl PMC-100-4 photon-counting module.
The emission lifetimes were determined by fitting a monoexponen-
tial-decay to the data. The set up for transient absorption measure-
ments of IrP2dppz and IrP4dppz both in solutions and on NiO films
was the following:[9,11,42] Pump pulses exciting the sample were
centered at 400 nm with a pump-pulse energy of typically 1.2 μJ,
while typical probe intensities fall into the range of hundred nJ.
The mutual polarizations of pump and probe were set to magic
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angle. Chirp correction and subsequently a global fit routine using
a sum of exponentials was carried out for data analysis. To avoid
prominent contributions from coherent artifacts,[43] the pulse over-
lap region (�250 fs around time zero) was excluded from the data
fitting procedure.

DSSC Fabrication and Characterization

NiO-based DSSCs with typical area of 0.2 cm2 were fabricated by
sandwiching dye-sensitized NiO into a cell with platinized FTO as
counter electrode. The dye sensitization was carried out by soaking
the NiO film in 0.5 mM dye solution: A mixture of H2O/ACN (1 : 9 v/
v) was used as IrP2dppz and IrP4dppz solvent. A liquid electrolyte
of I3

� /I� containing 0.5 M tetrabutylammonium iodide, 0.1 M
lithium iodide, 0.1 M iodine and 0.5 M 4-tert-butylpyridine was
used as redox mediator. Platinized FTO was used as the counter
electrode and prepared according to literature. The amount of dye
loading on the NiO photocathode was estimated by immersing the
NiO photocathode in a 1 M NaOH solution in a water:ethanol
mixture (1 :1 v/v) for 2 h, resulting in the desorption of the dye
molecules. The absorbance of the desorbed dye solution was
measured and the amount of desorbed dye was determined by
comparing the absorbance of the desorbed solution at the
absorption maximum with the absorbance of a known concen-
tration of the dye in 1 M NaOH solution with water and ethanol
mixture (1 : 1 v/v). The current density-voltage (J–V) curves of DSSCs
were measured under 100 mWcm� 2 illumination using a solar
simulator (SS-80 PET) with an AM1.5G reference spectrum. Electro-
chemical impedance spectroscopy was performed with a com-
puter-controlled potentiostat (Princeton Applied Research Versa-
STAT MC potentiostat) equipped with a frequency response
analyzer. All impedance measurements were carried out both
under bias illumination from a xenon light source and under dark
condition. The obtained spectra were fitted with Z-View (v3.2c,
Scribner Associate, Inc.) using established equivalent circuits.
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