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Phenanthrene-Fused-Quinoxaline as a Key Building Block for Highly
Efficient and Stable Sensitizers in Copper-Electrolyte-Based Dye-
Sensitized Solar Cells
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Abstract: Dye-sensitized solar cells (DSSCs) based on CuII/I

bipyridyl or phenanthroline complexes as redox shuttles have
achieved very high open-circuit voltages (VOC, more than 1 V).
However, their short-circuit photocurrent density (JSC) has
remained modest. Increasing the JSC is expected to extend the
spectral response of sensitizers to the red or NIR region while
maintaining efficient electron injection in the mesoscopic TiO2

film and fast regeneration by the CuI complex. Herein, we
report two new D-A-p-A-featured sensitizers termed HY63
and HY64, which employ benzothiadiazole (BT) or phenan-
threne-fused-quinoxaline (PFQ), respectively, as the auxiliary
electron-withdrawing acceptor moiety. Despite their very
similar energy levels and absorption onsets, HY64-based
DSSCs outperform their HY63 counterparts, achieving
a power conversion efficiency (PCE) of 12.5 %. PFQ is
superior to BT in reducing charge recombination resulting in
the near-quantitative collection of photogenerated charge
carriers.

Copper-complex-based redox shuttles are increasingly being
used in dye-sensitized solar cells (DSSCs) since they can reach
open-circuit voltages (VOC) over 1.0 V, thereby boosting the
power conversion efficiency (PCE).[1–4] Moreover, these CuII/I

bipyridyl or phenanthroline complexes exhibit very low
reorganization energies to allow the regeneration of sensi-
tizers to proceed rapidly at low driving force.[5,6] However, the
moderate value of short-circuit current densities (JSC) in
copper-based DSSCs becomes the bottleneck for further
PCE improvement.[7–11] Indeed, the current lack of sensitizers
with extended long-wavelength response prevents the

full potential of the copper redox shuttles from being
exploited.

The well-known Y123 dye (Figure 1a) is one of the most
efficient and widely used sensitizers for copper-based DSSCs.
However, it exhibits an undesirably large optical energy gap
with a relatively narrow incident photon-to-electron conver-
sion efficiency (IPCE) plateau in the region of 400–
600 nm.[12–14] Extending the spectral response towards
a longer wavelength is essential to further improve the PCE
for copper-based DSSCs. To this effect, the D-A-p-A strategy
that incorporates an additional electron-withdrawing group as
an auxiliary acceptor to extend the absorption spectra seems
to be appropriate as it decreases the HOMO–LUMO energy
gap with targeted downshift in both the HOMO and LUMO
levels of sensitized dyes.[15–20] There have already been
attempts to employ benzothiadiazole (BT) or quinoxaline as
the auxiliary acceptors to widen the spectral response of
sensitizers for copper-based DSSCs. However, these dyes
have not delivered the desired JSC increase.[7,8, 21, 22]

Herein, we introduce the organic dye HY64 (Figure 1 a)
with an electron-withdrawing phenanthrene-fused-quinoxa-
line (PFQ)[23–25] as the auxiliary acceptor for copper-electro-
lyte-based DSSCs. It shows a desirably red-shifted absoption
onset along with greatly improved photocurrents, as well as
delivering a high VOC and fill factor (FF), thereby achieving
the solar to electric power conversion efficiency (PCE) of
12.5% under standard AM1.5G sunlight, a record for DSSCs
using an organic sensitizer. We find that the HY64 endowed
with a PFQ unit has a much superior JSC and VOC compared to
the closely related dye HY63 (Figure 1a), which features the
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widely used benzothiadiazole (BT) as an auxiliary acceptor,
even though HY63 and HY64 show similar energy levels and
absorption onsets. Our in-depth kinetic studies reveal that the
large and rigid PFQ structure is capable of retarding charge
recombination, providing a new avenue to build up highly
efficient panchromatic organic sensitizers.

The synthetic routes to the BT- and PFQ-based dyes
HY63 and HY64 are depicted in Scheme S1 in the Supporting
Information. The chemical structures of synthetic intermedi-
ates and target dyes have been fully confirmed by 1H,
13C NMR, and HRMS (Supporting Information, Figures S10–
S23). The absorption spectra of dyes Y123, HY63, and HY64
were first studied in CH2Cl2 solution (Supporting Informa-
tion, Figure S1) as well as on mesoporous TiO2 electrodes
(Figure 1b), with detailed absorption parameters tabulated in
Table 1. As shown in Figure 1 b, the absorption thresholds of
HY63 and HY64 are close to 780 nm, being redshifted by
about 50 nm with respect to that of Y123. The molar
extinction coefficients of both new dyes are also enhanced
(8.46 � 104 and 6.56 � 104

m
�1 cm�1 for HY63 and HY64,

respectively) compared to that of Y123 (5.24 � 104
m
�1 cm�1).

These features enable the extension of solar-light harvesting
to longer wavelengths, which meets a prerequisite to improve
the JSC of DSSCs.

Cyclic voltammetry measurements (Supporting Informa-
tion, Figure S2) confirmed that the HOMO levels of BT-
based HY63 and PFQ-based HY64 are similar (1.12 V and
1.14 V vs. NHE, respectively), as shown in Figure 1c. The
slight downshift in HOMO levels with respect to that of Y123
(1.07 V vs. NHE) can be attributed to the incorporation of
electron-withdrawing auxiliary acceptors. The deep HOMO
levels facilitate dye regeneration by the CuI complexes, whose
standard Nernst potential is located at 0.87 V vs. NHE,[6,26]

while the significant downward shift in LUMO levels from
Y123 (�0.94 V) to HY63 (�0.79 V) and HY64 (�0.77 V)
reduces the energy loss associated with the electron injection.

Standard DSSC devices based on Y123, HY63, and HY64
were fabricated with a double-layer mesoporous TiO2

photoanode (4 mm transparent layer plus 4 mm scattering
layer), and used a solution of copper complex
[Cu(tmby)2]

2+/1+(TFSI)2/1 (tmby, 4,4’,6,6’-tetramethyl-2,2’-
bipyridine; TFSI, bis(trifluoromethanesulfonyl)imide) in ace-
tonitrile as redox electrolyte and a PEDOT film on FTO
conducting glass as counter electrode. We optimized the
fabrication conditions for three dyes, and found that HY63
dye requires chenodeoxycholic acid (CDCA) as co-adsorb-
ent, while the best performance for HY64 can be achieved
without CDCA (Supporting Information, Tables S1 and S2).
Figure 2a shows the corresponding photocurrent density–
voltage (J–V) curves of such copper-based DSSCs, measured
under standard AM1.5 G sunlight (100 mW cm�2). Photo-
voltaic metrics derived from these curves are listed in Table 2.
The reference device based on Y123 shows a PCE of 10.3 %,
with a JSC of 13.33 mAcm�2, VOC of 1028 mV, and FF of
74.9%, in good agreement with previous reports.[6, 8] The

Figure 1. Tailoring sensitizers for extending spectral response.
a) Chemical structures of dyes HY63 and HY64 and the reference dye
Y123. b) Absorption spectra of dyes adsorbed on 2 mm-thick trans-
parent TiO2 films. c) LUMO and HOMO energy levels of sensitizers.

Table 1: Optical and electrochemical data for dyes Y123, HY63 and
HY64.

Dyes lmax
[a]

[nm]
e[a]

[m�1 cm�1]
lmax

[b]

[nm]
HOMO[c]

[V]
E0-0

[d]

[eV]
LUMO[e]

[eV]

Y123 541 52400 486 1.07 2.01 �0.94
HY63 550 84600 532 1.12 1.91 �0.79
HY64 556 65600 538 1.14 1.91 �0.77

[a] Absorption peaks (lmax) and corresponding molar extinction coef-
ficients (e) in CH2Cl2 solution. [b] Absorption peak measured on 2 mm-
thick TiO2 films. [c] HOMO levels estimated from the first formal
oxidation potentials (versus NHE) in acetonitrile, with ferrocene as
a reference and calibration. [d] Energy gap estimated from absorption
thresholds of dye-grafted 2 mm-thick transparent TiO2 films. [e] LUMO
levels calculated according to LUMO =HOMO�E0-0.

Figure 2. Comparison of device performances. a) J–V curves of opti-
mized DSSCs based on dyes Y123, HY63, and HY64, with [Cu-
(tmby)2]

2+/1+ as a redox shuttle, measured under AM1.5 G illumination.
b) A summary of JSC and PCE of reported high performing copper-
based DSSCs with a single sensitizer. c) Histogram plots of solar-cell
efficiencies (16 individual devices for sensitizers HY63 and HY64).
d) IPCE spectra and integrating current densities.
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PFQ-based dye HY64 exhibits a striking improvement in JSC

(15.76 mAcm�2), resulting in a much higher PCE of 12.5 %,
arising from the significant redshift in the absorption spec-
trum. To our knowledge, these are the highest JSC and PCE
values reported so far for DSSCs using a single sensitizer in
combination with a CuII/I-based redox electrolyte (Figure 2b
and Supporting Information, Table S4). By contrast, we did
not observe the expected increase in JSC with HY63 contain-
ing benzothiadiazole as auxiliary acceptor, which showed
a JSC of 13.71 mAcm�2, VOC of 986 mV, and FF of 76.4 %,
corresponding to a PCE of 10.3 %. We fabricated several
batches of devices to compare the photovoltaic performances
of HY63 and HY64, demonstrating the good reproducibility
of our results (Figure 2c and Supporting Information, Fig-
ure S3 and Table S3).

Figure 2d shows the IPCE spectra obtained with the three
dyes along with the calculated JSC values (JCal values) derived
from the overlap IPCE integral with the AM1.5 G solar
emission, which are in good agreement with the measured JSC.
The IPCE response for the HY63- and HY64-based devices is
indeed extended to longer wavelengths by about 40–50 nm,
resulting in a broader plateau than that of Y123. The plateau
height of the HY64-based device is comparable to that of
Y123, while the IPCE of HY63 is lower with a smaller JSC

value. Figure S4 in the Supporting Information reveals that
the light-harvesting spectra of HY63 and HY64 are very
similar, indicating that the large difference in JSC cannot be
attributed to the optical absorption.

To scrutinize the reason for the superior performance of
HY64, we first estimated the electron injection efficiency
(hinj) by measuring the steady state (Supporting Information,
Figure S5) and transient photoluminescence (TRPL) spectra
of dyes HY63 and HY64 adsorbed on mesoporous TiO2 and
Al2O3 films. The samples were immersed in Cu(tmby)2-based
electrolyte to mimic the conditions of operational DSSCs. The
PL decays of dyes adsorbed on the mesoporous Al2O3 film
(Figure 3a) provide amplitude-averaged lifetimes t Að Þ of
1.90 and 2.12 ns for HY63 and HY64, respectively. The longer
PL lifetime of dye HY64 likely results from its more rigid
PFQ-auxiliary acceptor skeleton. Upon adsorption onto TiO2

film, the t Tð Þ of HY63 and HY64 are shortened to 0.33 and
0.38 ns, respectively, reflecting quenching by electron injec-
tion into TiO2. The hinj estimated from the formula
hinj ¼ 1� t Tð Þ=t Að Þ,[27–29] is 83% and 82 % for HY63 and
HY64, respectively (Supporting Information, Table S5). The
comparable electron injection efficiencies for both dyes are in
line with their similar LUMO levels.

We further used nanosecond laser flash photolysis meas-
urements[30,31] to study the kinetics of the competing charge
transfer reaction of the oxidized dye molecules (D+) with
either conduction band electrons in TiO2 or CuI ions in the
electrolyte (Figure 3b). When the dye-sensitized TiO2 films
are in contact with an inert electrolyte containing only 0.1m
lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) and
0.4m 1-butyl-1H-benzo[d]imidazole (NBB) in acetonitrile,
the decay signals account for the back-electron-transfer from
TiO2 to D+. The fitted carrier recombination lifetime (trec(dye))
values for this process are 71 and 83 ms for HY63 and HY64,
respectively. Upon contact with the Cu(tmby)2-based electro-
lyte, the dye regeneration (lifetime (treg(dye))) accelerates the
signal decay by electron transfer from the CuI complex to D+

as demonstrated by the corresponding values of 2.6 ms for
HY63 and 2.7 ms for HY64. Overall, the regeneration
efficiency (hreg) of the D+ (hreg = kreg(dye)/(kreg(dye) + krec(dye)),
ki(dye) = 1/ti(dye)) is calculated as around 97% for both HY63
and HY64 (Supporting Information, Table S6). Therefore,
dye regeneration does not explain the different IPCE
plateaus.

Generally, the IPCE of DSSCs at a certain wavelength can
be expressed as the product of light harvesting efficiency
(LHE), electron injection efficiency (hinj), dye regeneration
efficiency (hreg), and charge collection efficiency (hcol).[32–35]

Since we have confirmed that the LHE, hinj, and hreg are very
similar for dyes HY63 and HY64 in Cu(tmby)2-electrolyte-
based devices, the difference in their JSC values should result
from the effect of hcol. To gain further insight into the cause of
this variation, we measured the charge transport and recom-
bination lifetimes of complete devices by employing transient
photocurrent and transient photovoltage techniques. Details

Table 2: Photovoltaic parameters of DSSCs based on dyes Y123, HY63,
and HY64.

Dyes JCal
[a]

[mAcm�2]
JSC

[b]

[mAcm�2]
VOC

[mV]
FF
[%]

PCE
[%]

Y123 13.27 13.33 1028 74.9 10.3
HY63 13.55 13.71 986 76.4 10.3
HY64 15.40 15.76 1025 77.4 12.5

[a] JCal values calculated from IPCE spectra. [b] JSC values measured under
AM1.5 G simulated solar illumination (100 mWcm�2).

Figure 3. Interfacial charge dynamics study. a) Photoluminescence
decay of HY63- and HY64-grafted mesoporous Al2O3 or TiO2 films.
Pump wavelength: 637 nm; probe wavelength: 770 nm. b) Flash pho-
tolysis measurement of dye-grafted TiO2 films immersed in a Cu-
(tmby)2-based redox electrolyte or an inert electrolyte. The solid lines
are multiexponential fittings. Pump wavelength: 532 nm; probe wave-
length, 840 nm. c) Charge transport lifetime and d) charge recombina-
tion lifetime measured by transient photocurrent/photovoltage tech-
niques on complete devices.
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of the measurement methods are described in the Supporting
Information. The apparent charge transport lifetimes (ttans) of
HY63- and HY64-based devices under different light inten-
sities are very close to each other, as shown in Figure 3c, while
their recombination lifetimes (trec) show large differences. As
shown in Figure 3d, at a given VOC modulated by bias light
intensity, the trec of the HY64-based device is two times
longer than that of the HY63-based device, indicative
of an enhanced hcol according to the relation,
hcoll = 1/(1 + ttrans/trec). Indeed, this can account for the
observed increase in both IPCE plateau and JSC values.
Moreover, the resulting longer trec for HY64 also reflects
a suppressed interfacial charge recombination, which can
explain the approximately 40 mV higher VOC of DSSCs based
on HY64 than that of HY63.

In order to further substantiate these results, we per-
formed electrochemical impedance spectroscopy (EIS) meas-
urements.[36, 37] Figure 4 a compares Nyquist (imaginary resist-
ance versus real resistance) plots obtained with dyes HY63
and HY64 at a bias of 0.94 V. The large semicircle reflects the
recapture of photo-injected electrons from the TiO2 conduc-
tion band by the CuII complex at the TiO2/electrolyte
interface. Obviously, the semicircle radius of HY64 exceeds
that of HY63, indicating a larger recombination resistance
(RCT) at the TiO2/dye/electrolyte interface. Figure 4b shows
a plot of RCT as a function of bias voltage. The RCT of HY64 is
up to four times larger than that of HY63, further confirming
suppressed recapture of the injected electrons by the CuII

complex.

Based on the above interfacial charge dynamics studies,
we conclude that the inserted PFQ unit is preferable to the
widely used BT in the judicious molecular design of long-
wavelength-responsive DSSC sensitizers. It is capable of
effectively supressing the loss in charge recombination,
which is a key challenge in both metal-complex redox
shuttles and low energy gap sensitizers. Figure S6 in the
Supporting Information shows plots of the charge carrier
collection efficiency (hcoll) defined by the equation
hcoll = 1/(1 + ttrans/trec), where ttrans and trec are the lifetimes
for electron transport in the conduction band of mesoporous
TiO2 films (Supporting Information, Figure S7) and the

interfacial recombination with CuII complex in the electrolyte,
respectively. Obviously, the hcoll trends match closely those of
IPCE plateaus in Figure 2d, confirming that the lower
photocurrents observed with HY63 arise from incomplete
collection of the photogenerated charge carriers. This is
further supported with a plot of the electron diffusion length
(Ln) as a function of voltage (Supporting Information,
Figure S8).The diffusion length of electrons for sensitizer
HY63 is too short to assure their quantitative capture, but for
HY64 Ln is about twice the TiO2 film thickness, ascertaining
near quantitative collection of photo-generated charge car-
riers.

From optical absorption measurements, we determined
the loading of TiO2 films with HY63 and H64 to be 8.51 � 10�8

and 7.05 � 10�8 molcm�2 mm�1, respectively. Hence the
observed trends in the recombination lifetime and electron
diffusion lengths might not originate from a variation of their
surface coverage. We speculate that the large and rigid PFQ
unit is less prone to association with [Cu(tmby)2]

2+ electrolyte
than BT, thus reducing the contact of CuII species in the
electrolyte with the conduction band electrons in TiO2.
Therefore, the PFQ unit represents a promising building
block for building up efficient long-wavelength-responsive
sensitizers that are compatible with copper electrolytes.

As the copper redox shuttle can match well with a trans-
parent PEDOT counter electrode, and dye HY64 possesses
quite high absorption coefficient, we tried to further remove
the scattering TiO2 layer to estimate the potential of this
combination of dye, electrolyte, and counter electrode for
semi-transparent photovoltaic applications, such as building-
integrated photovoltaics (BIPVs). As shown in Figure 5a, the
semi-transparent device exhibits excellent color rendering
with color coordinates of (0.6597, 0.3184), and 43 % trans-
mittance of 690 nm light (Supporting Information, Fig-
ure S10). Notably, we achieved an unprecedented PCE of
11.2% for such semi-transparent DSSCs devices under full
sunlight irradiation, with a comparable JSC (14.80 mAcm�2) to

Figure 4. Charge transfer resistance study. a) Nyquist-type plots of
HY63- and HY64-based solar cells from electrical impedance spectros-
copy measurement by applying a bias of 0.94 V under white-light
irradiation. b) Charge transfer resistance at the TiO2/dye/electrolyte
interfaces for devices fabricated with dyes HY63 and HY64 employing
[Cu(tmby)2]

2+/1+-based electrolytes.

Figure 5. Semi-transparent devices with stability evaluation. a) Color
coordinate of 4 mm-thick HY64-sensitized TiO2 film in combination
with [Cu(tmby)2]

2+/1+-based electrolyte on the CIE 1931 xy chromaticity
diagram. The inset shows a photograph of the real device. b) J–V
curves for DSSCs fabricated with dye HY64 adsorbed on the scattering
layer of free TiO2 film employing [Cu(tmby)2]

2+/1+ as a redox shuttle
measured under various light intensities. c) Evolution of VOC, JSC, FF,
and PCE of dye HY64-based DSSCs measured under AM1.5 sunlight
(100 mWcm�2) during continuous light soaking at 60 8C for 500 h.
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that of standard double TiO2 layer-based devices (Figure 5b
and Supporting Information, Table S7). To our knowledge,
the efficiency value is the highest ever reported for semi-
transparent DSSCs (Supporting Information, Figure S9 and
Table S8). These preliminary results indicate that this proto-
type device is very promising for semi-transparent photo-
voltaics.

Finally, we evaluated the stability of the HY64-based
copper electrolyte DSSC by keeping the device at open circuit
under light soaking at 60 8C. The evolution of the PV metrics
was recorded under full sun intensity at different time
intervals. As shown in Figure 5c, the PCE retains 92% of
its peak value after 500 h solar light exposure, thereby
confirming the high photostability of the prototype device.

In summary, we have demonstrated PFQ to be a promising
auxiliary acceptor to extend the spectral response of organic
dyes for improving the performance of copper-electrolyte-
based DSSCs. The dye features a PFQ unit is superior to the
BT unit, especially in reducing interfacial charge recombina-
tion. Without the requirement of any co-adsorbate, the PFQ-
based D-A-p-A dye HY64 achieves a JSC of 15.76 mAcm�2

and a record PCE of 12.5 % in combination with a CuII/I-based
redox electrolyte. which greatly exceeds that of the BT-based
HY63 as well as the reference sensitizer Y123. HY64-based
DSSCs exhibit also a superior stability under continuous light
soaking at 60 8C. Moreover, see-through devices achieve
a PCE of 11.2%, showing promise for semi-transparent
photovoltaics. The PFQ building block enables the successful
spectral extension and interfacial tailoring in copper-com-
plex-based DSSCs, and further performance enhancement
can be expected by molecular engineering on both the PFQ
unit itself and the whole conjugated system.
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