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ABSTRACT: In this study, new pull−push arylamine-fluorene
based organic dyes zzx-op1, zzx-op2, and zzx-op3 have been
designed and synthesized for p-type dye-sensitized solar cells (p-
DSCs). In zzx-op1, a di(p-carboxyphenyl)amine (DCPA) was
used as an electron donor, a perylenemonoimide (PMID) as an
electron acceptor, and a fluorene (FLU) unit with two aliphatic
hexyl chains as a π-conjugated linker. In zzx-op2 and zzx-op3, a
3,4-ethylenedioxythiophene (EDOT) and a thiophene were
inserted consecutively between PMID and FLU to tune the
energy levels of the frontier molecular orbitals of the dyes. The
structural modification broadened the spectral coverage from an
onset of 700 nm for zzx-op1 to 750 nm for zzx-op3. The electron-
rich EDOT and thiophene lifted up the HOMO (highest
occupied molecular orbital) levels of zzx-op2 and zzx-op3, making their potential more negative than zzx-op1. When three dyes
were employed in p-type DSCs with I−/I3

− as a redox couple and NiO nanoparticles as hole materials, zzx-op1 exhibited
impressive energy conversion efficiency of 0.184% with the open-circuit voltage (VOC) of 112 mV and the short-circuit current
density (JSC) of 4.36 mA cm−2 under AM 1.5G condition. Density functional theory calculations, transient photovoltage decay
measurements, and electrochemical impedance spectroscopic studies revealed that zzx-op1 sensitized solar cell exhibited much
higher charge injection efficiency (90.3%) than zzx-op2 (53.9%) and zzx-op3 (39.0%), indicating a trade-off between spectral
broadening and electron injection driving force in p-type DSCs.
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■ INTRODUCTION
Conversion of sunlight to electricity is of importance to
efficient utilization of abundant solar energy. Among many
devices, dye-sensitized solar cells (DSCs) have emerged as a
key technology in this field.1 During the last two decades,
extensive research has been carried out to make this technology
cost-effective.2−4 The major efforts have been devoted to n-type
DSCs, in which dye-coated n-type TiO2 nanoparticles are used.
The dye molecules absorb the sunlight and inject the electrons
to the conduction band of TiO2 nanoparticles to produce
electrons for external circuit.5 Recently, energy conversion
efficiency of 12.3% has been reported;6 it is still challenging to
construct dyes that are capable of harvesting photons in the
visible and near-infrared regions. One strategy to overcome this
limitation is to design tandem DSCs by stacking n-type and p-
type electrodes together.7−11 In tandems cells, two electrodes

can be sensitized by complementary dyes, providing great
opportunities to increase the conversion efficiency with low
cost. To date, the best energy conversion efficiency from
tandem DSCs is 2.42%,8 which is far below the record of 12.3%
efficiency6 from a single n-type DSC. The lack of appropriate p-
type semiconductor and dyes limits the overall photovoltaic
performance of the devices. It is imperative to develop
advanced materials for the p-type DSCs, including dyes and
hole transport materials.7,9

Dyes with a push−pull configuration perform better than
those without such a configuration in p-type DSCs.12−18 Sun
and co-workers19−21 synthesized triphenylamine-based push−
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pull dyes for p-type DSCc and reported the energy conversion
efficiency of 0.15%. Lin and co-workers22,23 prepared aryl-
amine-based organic dyes with two anchoring groups. They
found the photon-to-current response extended to 700 nm.
When thiophene derivatives were used as electron acceptors,
energy conversion efficiency between 0.06 and 0.11% was
obtained. Wu and co-worker24 studied the linker effect on
energy conversion efficiency in a series of donor−acceptor
dyes. It was concluded that 3,4-ethylenedioxythiophene was a
better linker than thiophene and phenyl groups because of the
broader IPCE response. Udo and co-worker8,25,26 found the
efficiency increased to 0.41−0.61% when more thiophene units
were added between donors and acceptors. Recently, the record
efficiency of 1.3% was achieved by employing the tris(1,2-
diaminoethane)cobalt (II/III) as an electrolyte and PMI-6T-
TPA as a dye. In this dye, the linker consisted of six thiophene
units.27

The charge transfer process is also important in p-type
DSCs.9 As shown in Figure 1, the light-harvesting efficiency

(LHE), the hole injection quantum yield (Φinj), and the charge
collection efficiency(ηcoll) at the FTO electrode determine the
incident photon to current conversion efficiency (IPCE)
according to eq 128

η= × Φ ×IPCE LHE inj coll (1)

ηcoll is the product of Φesc and ηtr.
28 The Φesc represents the

escape quantum yield, which is the probability that an injected
hole does not recombine with the reduced dye directly. It
depends strongly on the regeneration rate of the reduced dye to
its ground state by the electrolyte, and is dominated by the
recombination between injected hole and reduced dye. Such
recombination could be suppressed by using a secondary
electron acceptor that is bound to the chromophore unit to
populate the longer-lived charge separated state or by using a
longer linker to extend the distance between the acceptor and
the semiconductor. The transport efficiency ηtr is the
probability that the hole reaches the conducting substrate,
and is dominated by interception of the injected hole by the
electrolyte causing high dark current.28 In the I−/I3

− and NiO
system, the dye structure exerts more pronounced impact on
LHE and Φinj. Hagfeldt and co-workers

28 reported that the hole
injection process was ultrafast in coumarin 343 (∼200 fs)29 and

phosphorus porphyrin (2−20 ps) sensitized p-type DSCs. The
hole injection driving force was 1.0 and 1.1 eV, respectively.
The charge recombination between the injected hole and the
reduced dye was very fast, causing significant loss of
photocurrent and photovoltage. In addition, fast interfacial
interception of the injected hole by the electrolyte also leads to
high dark current.9 Mori and co-workers30 found that the
absorbed photon-to-current conversion efficiency (APCE)
increased with the increase of hole injection driving force.
The APCE of 30% was obtained when the hole injection
driving force reached 0.6 eV. Compared to extensive research
on the electron injection kinetics mechanism for n-type DSCs,
the study on hole injection for p-type DSCs is scarce.31 It is still
an open question how to modulate hole injection at the
interface of NiO/dye/electrolyte for p-type DSCs through
molecular engineering of dyes.
In this report, three new organic dyes with di(p-carboxy)-

phenylamine as a donor and a perylenemonoimide as an
electron acceptor were designed and synthesized to investigate
how the linkers between a donor and an acceptor affect the
charge injection efficiency. A fluorene, a 3,4-ethylenedioxy-
thiophene(EDOT), and a thiophene were inserted between
DCPA and PMID consecutively to tune the absorption spectra
and the charge injection driving force. The structure of three
dyes is shown in Scheme 1. The n-hexyl-substituted fluorene

was chosen to construct the base structure because it has
excellent hole transfer properties.32,33 The aliphatic n-hexyl
chains form a hydrophobic layer at the interface of NiO/dye/
electrolyte, retarding the charge recombination between the
injected holes and the electrolyte. We selected 3,4-ethyl-
enedioxythiophene (EDOT)34−36 and thiophene37−39 as
spacers because of their effective modulation of the frontier
molecular energy of the dyes in organic solar cells and n-type
DSCs for. It is expected that this design will tune the frontier
molecular energy levels while exert the minimal influence of
dye adsorption characteristics on the NiO films. Our results
showed that the charge injection efficiency decreased in the
order of zzx-op1 (90.3%) > zzx-op2 (53.9%) > zzx-op3
(39.0%), resulting in the decrease of the energy conversion
efficiency in the order of zzx-op1 (0.184%) > zzx-op2 (0.160%)
> zzx-op3 (0.148%). The results showed the importance of
balancing the spectral broadening and charge injection driving
force in order to obtain high energy conversion efficiency in p-
type DSCs.

2. RESULTS AND DISCUSSION
Synthesis of the Dyes. Scheme 2 shows the synthesis of

three dyes. The diphenylamine 1 was prepared from a
Buchwald-Hartwig reaction in the presence of Pd(OAc)2 and

Figure 1. Schematic of charge transfer process in p-type DSCs, arrows
with solid lines denote desired transfer for energy conversion, and
those with dashed lines denote undesired transfer. The free energies of
hole injection ΔGinj = e[EVB − EHOMO], the free energies of dye
regeneration ΔGreg = e[Eredox − ELUMO], the VOCmax = Eredox − EVB.

40

Scheme 1. Structures of zzx-op1, zzx-op2, and zzx-op3
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K2CO3 with an overall yield of 60%.41 The diphenylamine-
fluorene derivative 2 was obtained in a similar reaction in the
presence of Pd2(dba)3 and a strong base NaOt-Bu in 42% yield.
Compound 2 was reacted with a borate-perylenemonoimide
derivative from a Pd-catalyzed Suzuki cross-coupling reaction
and produced compound 3 in 83% yield. The compound 3 was
then hydrolyzed in the presence of TFA in dry dichloro-
methane at 28 °C to give zzx-op1 in 94% yield.41 The
preparation of zzx-op2 started from compound 2. The 3,4-
ethylenedioxythiophene was reacted with compound 2 under a
similar Pd-catalyzed Suzuki cross-coupling conditions to give
compound 4 in 54%.42 Then it reacted with NBS at 0 °C to
produce brominated compound 4a, which reacted with
perylenemonoimide under the same Suzuki cross-coupling
conditions to produce compound 5 in 86% yield. It was further
hydrolyzed by TFA in dry dichloromethane to give zzx-op2 in
94% yield.41 The preparation of zzx-op3 was different. The
borate-thiophene-perylenemonoimide derivative 8 was first
synthesized using a Pd-catalyzed borylation reaction in 13%
yield.43 Then compound 8 was reacted with compound 4a to
give compound 9 in 39% yield, which was then hydrolyzed by
TFA to give zzx-op3 in 92% yield. The structures and purity of
all the intermediates and final compounds were identified by
NMR and high resolution mass spectrometry (see the
Supporting Information)
Absorption Spectra. Figure 2 shows the UV−vis

absorption spectra of three dyes in THF. The photophysical
data are summarized in Table 1. All three dyes show two major
absorption bands in the range of 300−700 nm. The first band
(∼360 nm) comes from the linker and the donor group,
whereas the second band (∼520 nm) is attributed to the π−π*
electron transition of acceptor.41 Three dyes show very similar
absorption coefficients ε; however, their absorption peak
positions are quite different. The dye zzx-op1 has a maximum
absorption wavelength of 521 nm. When a 3,4-ethylenediox-
ythiophene unit was inserted between the acceptor and FLU in
zzx-op2, the absorption maximum red-shifted to 530 nm, which
shifted further to 546 nm when an additional thiophene unit
was added in zzx-op3. When these dyes were stained on NiO
films, the spectra broadened compared to those in solution (see
Figure S1 in the Supporting Information). The dye zzx-op3

exhibits a very broad absorption spectrum with an optical onset
up to 750 nm. Three dyes showed very similar fluorescence
spectra (see Figure S2 in the Supporting Information) with
emission peaks centered at 650, 700, and 750 nm for zzx-op1,
zzx-op2, and zzx-op3, respectively.

Photovoltaic Performance. The zzx-op1, zzx-op2, and
zzx-op3 sensitized p-type DSCs were fabricated in a
“sandwiched” configuration with I3

−/I− as a redox couple.
The dyes were dissolved in THF/acetonitrile (v/v, 2/1) to
reach the desired concentration for dye-loading.44 The
photovoltaic data are summarized in Table 2 and the typical
J−V curves of the devices are shown in Figure 3. The open-
circuit voltages (VOC) and the fill-factors (FF) of three cells
were quite similar to each other; whereas the short-circuit
current densities (JSC) were different. The JSC decreased on the
order of zzx-op1 > zzx-op2 > zzx-op3. The energy conversion
efficiency also decreased in the order of zzx-op1 (0.184%) >
zzx-op2 (0.160%) > zzx-op3 (0.148%). The zzx-op1 exhibited
better photovoltaic performance than zzx-op2 and zzx-op3,
which was contrary to its narrower absorption than other two
as shown in Figure 2. The IPCE spectra, as shown in Figure 4,
are consistent with their JSC. The calculated JSC values from the
spectra were also quite close to those listed in Table 2,
indicating the accuracy of the measurements. Three dyes
showed very similar IPCEs from 360 to 380 nm with maximal
values of 44, 48, and 42% for zzx-op1, zzx-op2, and zzx-op3,

Scheme 2. Synthesis of Push-Pull Dyes zzx-op1, zzx-op2, and zzx-op3

Figure 2. Absorption spectra of zzx-op1, zzx-op2, and zzx-op3 in THF.
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respectively. The zzx-op1 sensitized solar cell exhibited much
higher IPCE than zzx-op2 and zzx-op3 from 450 to 600 nm. It
should be noted that the IPCE spectra are not in agreement
with the trend of their absorption spectra. The zzx-op2 and zzx-
op3 with broader absorption did not result in better
photovoltaic performance than zzx-op1. We determined the
amounts of dye molecules on the NiO surface to reveal if such a

discrepancy came from different dye-loading density. The
results showed that three dyes had almost identical dye
densities (Table 1). Therefore, different JSC vales of three dyes
with different linkers were not stemmed from their different
adsorption capacities.41

Electrochemical Impedance Spectroscopy. The recom-
bination between injected holes and reduced dye and
electrolyte (interception process in Figure 1.) is responsible
for the photocurrent losses in p-type DSCs under light
illumination.45 Under dark condition, the latter dominates the
charge recombination process. The electrochemical impedance
spectroscopy (EIS) was performed to investigate the charge
recombination process in the devices. The photocathode/
electrolyte interfacial charge transfer resistance, i.e., charge
recombination resistance (Rrec), was calculated using a
transmission line model.45,46 Figure 5 showed the dependence

of Rrec on the applied bias in the dark. Nyquist plots of the
devices under 125 mV bias in the dark were shown in Figure S4
in the Supporting Information, in which the diameters of
semicircle for zzx-op1-op3 sensitized solar cells were nearly
identical. These results indicated that the resistances against
interfacial hole transfer from the NiO film to the reduced
species in the electrolyte were almost the same, indicating
nearly identical ηtr for three devices.

28,45

Transient Photovoltage and Photocurrent Measure-
ments. To further explore the cause of the discrepancy
between absorption spectra and energy conversion efficiency,
wee carried out transient photovoltage/photocurrent decay
measurements to determine the hole lifetimes in the

Table 1. Optical and Electrochemical Data of Dyes zzx-op1, zzx-op2, and zzx-op3

dye
λabs

a (nm)
(ε (× 104 M−1 cm−1))

Eox
b (V, vs
NHE)

Ered
b (V, vs
NHE)

ΔE0−0c
(ev)

ΔGinj
d

(eV)
ΔGreg (I

−/I3
−)e

(eV)
dye loading density

(mol cm−2)f

zzx-op1 357 (5.31), 521 (4.80) 1.28 −0.85 2.21 −0.82 −0.66 2.098 × 10−7

zzx-op2 361 (6.47), 530 (4.62) 1.20 −0.82 2.04 −0.68 −0.63 2.100 × 10−7

zzx-op3 407 (5.50), 545 (4.40) 1.10 −0.81 1.96 −0.61 −0.62 2.153 × 10−7

aThe absorption and emission spectra were measured in THF at room temperature. bThe ground-state oxidation potential (Eox) and reduction
potential (Ered) of the dyes were measured in dry THF, and potentials measured vs ferrocene/ferrocenium (Fc/Fc+) couple were converted to
normal hydrogen electrode (NHE) by addition of +0.63 V. cThe zero−zero transition energy (E0−0(S*)) was estimated from the intersection of
normalized absorption and emission curves. dCalculated according to the equation:ΔGinj = e[EVB(NiO) − (E0−0(S*) + Ered (S/S

−))], EVB(NiO) =
0.54 V vs NHE. eCalculated according to the equation: ΔGreg = e[E(M/M−) − Ered(S/S

−)], E(I3
−/I2

−·) = −0.19 V vs NHE. fThe dye-loaded
photocathodes with an area 1.0 × 1.0 cm2 and 2.3 μm thickness were immersed into 8 mL of 0.1 M NaOH methanol solution for 2 days under dark
to deadsorb dye molecules. By comparing the UV−vis spectra of the desorbed dyes solution with different dye molecules (dye molecules dissolved in
0.1 M NaOH methanol solution with different concentration: 0.030, 0.015, 0.0075, 0.0050, and 0.00375 mM), the dye loading amounts of zzx-op1-
op3 on the NiO film (2.3 μm) were calculated.

Table 2. Photovoltaic Data of zzx-op1-op3 Sensitized Solar
Cells under Illumination of 100 mW cm−2, AM1.5G
Condition

dye VOC (V) JSC (mA cm−2) fill factor efficiency (%)

zzx-op1 0.112 4.36 0.38 0.184
zzx-op2 0.111 4.00 0.36 0.160
zzx-op3 0.109 3.80 0.36 0.148

Figure 3. J−V curves of zzx-op1, zzx-op2, and zzx-op3 sensitized solar
cells.

Figure 4. IPCE spectra of zzx-op1, zzx-op2, and zzx-op3 sensitized
solar cells.

Figure 5. Interfacial charge recombination resistance (Rrec) as a
function of applied bias obtained from electrochemical impedance
measurements in the dark.
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devices.47−49 Figure 6a shows the extracted charge density (nt)
of three devices under different light intensities. The charge

density for zzx-op1 is higher than those of zzx-op2 and zzx-op3,
which matched the higher JSC and IPCE of zzx-op1. Figure 6b
shows the hole lifetime (τh) of devices as a function of light
intensity. The τh of zzx-op1 sensitized solar cell is lower than
those of zzx-op2 and zzx-op3 based devices, indicating the
faster charge recombination in zzx-op1 sensitized solar cells.
The hole lifetime (τh) represents the time of active holes
survived from the recombination between injected holes and
reduced dye and electrolyte.49 The electrochemical measure-
ments showed that zzx-op1-op3 sensitized solar cells exhibit
nearly identical charge recombination between injected hole
and electrolyte. Therefore, the different τh values of zzx-op1-
op3 sensitized solar cells were attributed to the different charge
recombination between injected hole and reduced dye.28,30,45

Udo and co-workers8 have reported that the charge
recombination between injected hole and reduced dye can be
effectively retarded by extending the molecule length. In our
case, the zzx-op3 and zzx-op2 obviously showed longer
molecule length than zzx-op1 because of additional EDOT
and thiophene units as shown in Figure 7. The distance
between the LUMO and NiO surface decreased in the order of
zzx-op3 > zzx-op2 > zzx-op1. The shortest distance in zzx-op1
produced faster charge recombination, which gave the lowest
τh.

8 Figure 6c showed the charge collection efficiency of devices

under different light intensities. It was found that the zzx-op1
exhibited lower ηcc than other two dyes. This is due to the faster
charge recombination for zzx-op1 than that of zzx-op2 and zzx-
op3. This corresponded to the lower Φesc of zzx-op1 sensitized
solar cells in eq 1.28

Theoretical Studies. The calculations were performed on
density functional theory (DFT) level to reveal if the different
photovoltaic performance of three dyes related to the structural
conformation and electron density distribution.50,51 Figure 7
shows the geometry-optimized structure and electron density
distribution profiles of frontier molecular orbitals. The electron
density distribution of three dyes on LUMOs (lowest
unoccupied molecular orbitals) was quite similar to each
other and was significantly localized on the PMID unit. The
electron density distribution on HOMO (highest occupied
molecular orbital) is quite different. In zzx-op1, the electron
density is more pronounced in the donor section and is
extended significantly to acceptor, PMID. In zzx-op2, the
electron density in the donor reduced with concurrent increase
on the FLU and extension to PMID unit. In both cases, a
disjoint character was observed, which provides continuity of π-
conjugation for charge injection. When an additional thiophene
was added between EDOT and PMID, the HOMO of zzx-op3
is mainly localized on the linker. This nondisjoint character may
also contribute its poor performance. Interestingly, the torsion
angle of π-linkers and PMI are 56.66, 22.85, and 21.07° for zzx-
op1-op3, respectively. The planarity between FLU and EDOT
increased from zzx-op1, zzx-op2, to zzx-op3. The dihedral angle
between PMID and FLU in zzx-op2 and PMID and thiophene
in zzx-op3 increased from 48.00 to 89.57° in zzx-op3. As a
result, the angles between PMID and FLU in three dyes are
quite close to 60°. This indicated that interaction of dyes on the
NiO may share a very close orientation because of similar
geometry; therefore, dye aggregation (if any) should make the
same contribution to the overall performance.

Electrochemical Properties. The cyclic voltammogram
(CV) measurements in THF were performed to further explore
the discrepancy in efficiency. The cyclic voltammogram (CV) is
shown in Figure S3 in the Supporting Information. The first
oxidation potentials (Eox) and the first reduction potentials
(Ered) are listed in Table 1. In p-type DSCs, the holes were
injected into the valence band of semiconductor from the
excited state of sensitizer leading to the reduction of sensitizer
(S/S−) upon light absorption. The hole injection driving force

Figure 6. (a) Extracted charge density (nt) vs VOC, (b) hole lifetime
(τh), and (c) (ηcc) charge collection efficiency vs incident light
intensity for zzx-op1-op3 sensitized solar cells.

Figure 7. Geometry-optimized structures of zzx-op1-op3 and the
electron density distribution of frontier molecular orbitals from DFT
calculations with the B3LYP/6-311G(d) model.
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can be determined according to the equation: ΔGinj =
e[EVB(NiO) − (E0−0(S*) + Ered (S/S

−))], where EVB(NiO) =
0.54 V vs NHE. The measured Ered values were −0.85, −0.82,
−0.81 V (vs NHE) for zzx-op1, zzx-op2, and zzx-op3,
respectively. The hole injection driving forces were determined
to be −0.82 ev (zzx-op1), −0.68 ev (zzx-op2), and −0.61 ev
(zzx-op3), respectively. The differences were due to the
different HOMO levels. As shown in Figure 8, the introduction

of electron-rich heterocyclic aromatic groups as linkers in zzx-
op2 and zzx-op3 lifted the HOMO (E0−0(S*) + Ered (S/S

−))
levels from 1.36 V for zzx-op1 and 1.22 V for zzx-op2 to 1.15 V
for zzx-op3.40 In p-type DSCs, the reduced sensitizers were
oxidized by the electrolyte. The redox potential of E(I3

−/ I2
·−)

≈ −0.19 V vs NHE), which is more positive than the Ered (S/
S−) level of dyes zzx-op1-op3. This difference will afford
thermodynamically favorable driving force for effective
regeneration of dyes in p-type DSCs.16 The dye regeneration
driving forces can be determined according to the equation:
ΔGreg= e[E(M/M−) − Ered(S/S

−)], E(I3
−/I2

−·) = −0.19 V vs
NHE. It was found the zzx-op1-op3 showed nearly identical
dye regeneration driving force (−0.66, −0.63, −0.62 eV for zzx-
op1, zzx-op2, and zzx-op3, respectively).16 Hence, the higher
JSC and IPCE for zzx-op1 sensitized solar cells were attributed
to the higher Φinj.

28

Hole Injection Quantum Yield. The energy conversion
efficiency can be best described by IPCE. In eq 1, the LHE can
be calculated using following equation:52 LHE = 1−10−A, in
which A is the absorbance of the photoelectrode and can be
estimated from the absorption spectra of dye-sensitized NiO
film (2.3 μm thickness) as shown in Figure S1 in the
Supporting Information. The maximal LHE of the devices are
73.8% at 525 nm (zzx-op1), 75.1% at 535 nm (zzx-op2), and
76.2% at 545 nm (zzx-op3), respectively. The charge collection
efficiency ηcoll obtained from transient photovoltage decay
measurements also increased slightly from 62.1 (zzx-op1), 67.7
(zzx-op2), to 69.6% (zzx-op3) at 1 Sun illumination. It was
found the calculated Φinj values were very different for three
zzx-op dyes. The Φinj decreased in the order of zzx-op1 (90.3%)
> zzx-op2 (53.9%) > zzx-op3 (39.0%). This is in consistent
with the energy conversion efficiency of three dyes.
Considering that three dyes exhibited identical dye-regener-
ation driving force and the same interfacial charge recombina-
tion process at the NiO/dye/electrolyte interface of the devices
based on these dyes, the different energy conversion efficiency

of three dyes originated from their different charge injection
efficiency. In our case, it is likely that ∼0.80 ev of hole injection
driving force is needed to achieve relatively high hole injection
quantum yield.

3. CONCLUSIONS
p-Type DSCs have potentials to form tandem structures with n-
type DSCs to capture and convert photons in different energy
to electricity. However, the further development is limited by
their poor photovoltaic performance. In this study, we
synthesized a series of diphenylamine-fluorene based organic
dyes and studied the how the linkers affect the photophysical
and electrochemical properties in the devices. We found when
the linker changed from a single fluorene to the combination
with 3,4-ethylenedioxythiophene and thiophene units, the
absorption maximum gradually shifted to the longer wave-
lengths, but the energy conversion efficiency decreased from
0.184, 0.160, to 0.153%. The dye loading study, transient
photovoltage decay measurements and electrochemical impe-
dance study indicated that this difference originated from
different charge injection quantum yield, which was 90.3, 53.9,
and 39.0% for zzx-op1, zzx-op2, and zzx-op3, respectively. We
further found insertion of electron-rich heterocyclic aromatic
groups 3,4-ethylenedioxythiophene and thiophene lifted the
HOMO energy levels and decreased the driving forces for the
hole injection. It is likely that ∼0.80 eV of hole injection driving
force is needed to achieve relatively high hole injection
quantum yield for NiO based p-type DSCs. Our investigation
demonstrated that HOMO level of p-type dye plays a
significant role on devices performance of p-type DSCs.
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Nazeeruddin, M. K. J. Phys. Chem. C 2009, 113, 16816−16820.
(39) Meager, I.; Ashraf, R. S.; Mollinger, S.; Schroeder, B. C.;
Bronstein, H.; Beatrup, D.; Vezie, M. S.; Kirchartz, T.; Salleo, A.;
Nelson, J.; McCulloch, I. J. Am. Chem. Soc. 2013, 135, 11537−11540.
(40) Preat, J.; Hagfeldt, A.; Perpet̀e, E. A. Energy Environ. Sci. 2011, 4,
4537−4549.
(41) Weidelener, M.; Mishra, A.; Nattestad, A.; Powar, S.; Mozer, A.
J.; Mena-Osteritz, E.; Cheng, Y.; Bach, U.; Baüerle, P. J. Mater. Chem.
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