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Comprehensive control of voltage loss enables
11.7% efficient solid-state dye-sensitized solar
cellst
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The relatively large voltage loss (Viess) in excitonic type solar cells severely limits their power conversion
efficiencies (PCEs). Here, we report a comprehensive control of Vs through efficacious engineering of
the sensitizer and redox mediator, making a breakthrough in the PCE of dye-sensitized solar cells (DSSCs).
The targeted down-regulation of V. is successfully realized by three valid channels: (i) reducing the
driving force of electron injection through dye molecular engineering, (ii) decreasing the dye regeneration
overpotential through redox mediator engineering, and (iii) suppressing interfacial electron recombination.
Significantly, the “trade-off" effect between the dye optical band gap and the open-circuit voltage (Voc) is
minimized to a great extent, achieving a distinct enhancement in photovoltaic performance (PCE > 11.5%
with Voc up to 1.1 V) for liquid junction cells. The solidification of the best-performing device leads to a
PCE of 11.7%, which is so far the highest efficiency obtained for solid-state DSSCs. Our work inspires
further development in highly efficient excitonic solar cells by comprehensive control of V.

Excitonic type solar cells, including dye-sensitized solar cells (DSSCs), perovskite solar cells (PSCs) and organic solar cells (OSCs), are potential alternatives for
photovoltaic applications. To further advance their power conversion efficiencies (PCEs), it is crucial to reduce the so called voltage loss (Viss) as much as
possible. In DSSCs, the Vo mainly takes place in the electron injection, dye regeneration and interfacial recombination processes, whereas the targeted
decreasing of Vi, in all these aspects has been rarely reported. To address this issue, we herein demonstrate a comprehensive control of V., achieving 11.7%
efficiency for solid-state DSSCs. This work is a good example of radically improving the PCE through rationally reducing Vjoss.

Introduction

Dye-sensitized solar cells (DSSCs)" have many advantages over
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traditional photovoltaic (PV) technologies, including their low
fabrication cost, attractive aesthetics and benign environmental
compatibilities.”> However, their power conversion efficiency
(PCE) hampers practical applications, especially for solid-state
DSSCs which are believed to have practical advantages. Compared
to PVs based on inorganic semiconductors or organic-inorganic
hybrid perovskites, DSSCs are subjected to a relatively large
voltage 10ss*” (Vigss = Eq — Voc, where E, is the HOMO-LUMO
separation of the sensitizer, and V( is the open-circuit voltage of
the solar cells). The large Vi is one of the most important origins
of the limit of the PCE of DSSCs, which mainly arises from three
aspects:* ' (i) the electron injection Vjog originating from an
excess over-potential of electron transfer from the photoexcited
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Fig. 1 (a) Schematic representation of three voltage losses in DSSCs. (b) Molecular structures of dyes Y123, WS-70 and WS-72.

dye to titanium dioxide, (ii) the electron recombination V. caused
by the recapture of injected electrons by the oxidized dye or redox
shuttle, and (iii) the dye regeneration Vi, arising from an excess
driving force for dye recovery by redox mediators (Fig. 1a).

To decrease the Vj,ss and improve the PCE for DSSCs, the
over-potentials that provide the driving force for the electron
injection and dye regeneration processes should be effectively
minimized, and the electron recombination at the TiO,/dye/
electrolyte interfaces should be efficiently suppressed. Previous
optimizations of DSSCs were mainly based on the development of
new materials, including n-type metal oxides, photosensitizers,
redox shuttles and counter electrode materials.""™*® The improve-
ments of PCE were usually associated with a decrease in Vs to
some extent.>>° However, a targeted down-regulation of Vi,
which simultaneously reduces the V. involved in electron
injection, dye regeneration and interfacial recombination processes,
is scarcely reported.

Here, we report a comprehensive control of Vj,s in DSSCs
through judicious molecular engineering of the sensitizer and
the redox mediator. By introducing a quinoxaline based auxiliary
acceptor into the molecular structure of the well-known dye Y123
between the donor and n-bridge (4,4-dihexyl-4H-cyclopenta[2,1-b:
3,4-b']dithiophene, CPDT), we develop two novel dyes WS-70 and
WS-72 (Fig. 1b) with targeted modulation of the lowest unoccupied
molecular orbital (LUMO) levels, affording a decrease in Vi, for
electron injection from the excited sensitizer into the conduction
band of the metal oxide. The associated downward shift of their
highest occupied molecular orbital (HOMO) levels is efficiently
converted to a Voc enhancement by the control of dye regeneration
Viosss Furthermore, a significant decrease of the electron recombi-
nation Vi is achieved through elaborate design of the quinoxaline
based auxiliary acceptor, which greatly suppresses the inter-
ception of injected electrons by oxidized dyes and redox mediators
as demonstrated in laser flash photolysis and electrochemical
impedance spectroscopy experiments. As a consequence, the
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comprehensive control of Vi, results in a remarkable mini-
mization of the “trade-off” effect between the dye optical band
gap and the V¢ value. Simultaneously, a distinct enhancement
in photovoltaic performance is realized, along with a high V¢
of 1.1 V for liquid junction cells, which is comparable to that of
the best performing perovskite solar cell. The solidification of
the electrolyte for the champion device leads to a PCE of 11.7%,
which is so far the highest efficiency for solid-state DSSCs.

Results and discussion

Targeted reduction in the electron injection Vi, through dye
molecular engineering

Donor-n-acceptor (D-n-A) featuring organic sensitizers have
been widely explored for application in DSSCs.>*** Dye Y123 is
one of the most popular pure-organic photosensitizers, which
has the merits of a simple molecular structure, high optical
absorption coefficients and excellent photovoltaic performance
in both liquid and solid state DSSCs.**** However, dye Y123
has a high lying LUMO energy level (~—1.0 V vs. normal
hydrogen electrode (NHE)) due to the electron-rich nature of
the triphenylamine based donor and the CPDT based n-spacer,
which leads to a considerable electron injection Vi, Pre-
viously, our group proposed the concept of a D-A-nt-A motif
by introducing an auxiliary acceptor between the donor and
n-spacer of the D-m-A sensitizer. The auxiliary acceptor was
proved to be able to downwards shift the LUMO level and
broaden the absorption spectrum.’**® Here, to decrease the
electron injection Vi, for dye Y123, we purposefully incorpo-
rate auxiliary acceptors (based on quinoxaline) into the skele-
ton of dye Y123 to afford two novel dyes WS-70 and WS-72
(Fig. 1b, for synthesis and characterization see ESIT).

Fig. 2a shows the ultraviolet-visible (UV-vis) absorption
spectra of dyes Y123, WS-70 and WS-72 measured in

This journal is © The Royal Society of Chemistry 2018
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dichloromethane solution. The corresponding data are summarized
in Table S1 (ESIf). Y123 shows the intramolecular charge transfer
(IcT) peak at 541 nm with a molar extinction coefficient (&) of 5.24 x
10* M~ em ™. When introducing the quinoxaline based auxiliary
acceptor into the Y123 dye framework, WS-70 and WS-72 display a
similar ICT band with peaks at 542 and 545 nm, respectively.
Meanwhile, the molar extinction coefficients for WS-70 and WS-72
increase to 6.23 x 10" and 5.88 x 10* M~ " cm ™" respectively for the
ICT peak, exceeding that of Y123. Upon adsorption onto 2 um thick
TiO, films (Fig. 2b), all three dyes show a blue-shift in absorption
due to the deprotonation of carboxylic acid. We note that dyes WS-70
and WS-72 exhibit a smaller degree of blue shift with respect to Y123
(28 and 31 nm versus 55 nm) due to the incorporation of auxiliary
acceptors.

To investigate the energy level variation resulting from the dye
molecular engineering, cyclic voltammetry measurements were
performed on dyes adsorbed on TiO, films using an acetonitrile
electrolyte solution (Fig. S1, ESIT). The corresponding redox poten-
tials of Y123, WS-70 and WS-72 are 1.07, 1.12 and 1.15 V (versus
NHE), respectively, which are assigned to their HOMO levels. The
zero-zero transition energies (E,,) were determined from the
absorption thresholds of dye-adsorbed TiO, films and shrunken
energy gaps were obtained for WS-70 and WS-72 with respect to
Y123 (Fig. 2c and Table 1). It is noteworthy that LUMO values
evaluated from the HOMO levels and E,, exhibit an obvious
downward shift from Y123 (—0.94 V) to WS-70 (—0.85 V) to
WS-72 (—0.82 V), resulting in a remarkably minimized energy
difference between the dye LUMO levels and the TiO, conduc-
tion band (—0.5 V vs. NHE).

To evaluate the influence of the downwards shift in dye
LUMO levels, ie. the decrease of electron injection Vj.e, on the
electron injection yield, we compared the photovoltaic performance
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Table 1 Energy levels of dyes Y123, WS-70 and WS-72, and their photo-
voltaic performances based on the [Co(bpy),]**/?* redox mediator

HOMO® Ey_” LUMO® Jsc (Cal)  Jsc Voo©
Dye (V) (ev) (V) (mAcm™>) (mAcem™?) (V) FF #° (%)
Y123 1.07  2.01 —0.94 13.9 14.1 0.87 0.74 9.2
WS-70 1.12  1.97 —0.85 14.1 14.1 0.90 0.76 9.7
WS-72 1.15 197 —0.82 14.2 14.2 0.93 0.77 10.3

¢ HOMO values were obtained from cyclic Voltammetry of dyes
adsorbed on TiO, in the acetonitrile electrolyte solution. ? E,_, was
determined from absorption thresholds of dye adsorbed onto 2 um
thick transparent TiO, fllms LUMO values were calculated according
to LUMO = HOMO — E,_,. ¢ Calculated Jsc from the IPCE spectrum.
¢ Measured under AM 1.5 G illumination (100 mW cm ™ ?).

of three dyes in DSSCs with [Co(bpy)s]>"*" mediated liquid electro-
lyte. Fig. 2d shows their monochromatic incident photon-to-
electron conversion efficiency (IPCE) spectra. The IPCE heights
for WS-70 and WS-72 are comparable to or even higher than that of
Y123 in the region of 350-750 nm with the highest value around
80%. Generally, by taking the absorption and reflection of the
conductive glass into account, an IPCE plateau of DSSCs between
80 and 90% means near unity internal quantum efficiency for
photoinduced charge carrier generation. This includes #;,; (electron
injection efficiency), n.es (dye regeneration efficiency) and #cq
(charge collection efficiency). We found that the WS-72 dye-based
DSSCs showed even slightly higher IPCE than those of dye WS-70
and Y123 (Fig. 2d), although the LUMO energy level of the former is
the lowest. This means that reducing the driving force had negli-
gible influence on the electron injection efficiency (Fig. S8-S10,
ESIY). Therefore, the targeted reduction of electron injection Viyss
through molecular engineering is successful.

Fig. 2e shows the photocurrent density-voltage ( J-V) curves
under AM 1.5 G illumination (100 mW cm™? at 298 K) and the
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(a and b) UV-vis spectra of dyes measured in dichloromethane and on 2 um thick transparent TiO, films. (c) Schematic illustration of the LUMO

(above the colored bar) and HOMO (under the colored bar) energy levels of the sensitizers. (d) IPCE spectra for DSSCs based on dyes Y123, WS-70 and

WS-72 with the [Co(bpy)sl>*/2* redox shuttle. (e) J-V curves of the corresponding DSSCs measured under AM 1.5 G illumination (100 mW cm™

2, solid

lines) and in dark (dashed lines). (f) Histogram plots of solar cell efficiencies (12 individual devices for Y123 and WS-70, 15 individual devices for the best
performing sensitizer WS-72).
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corresponding photovoltaic parameters are collected in Table 1.
More detailed measurements under various light intensities are
carried out and the results are shown in Fig. S2 and Table S2
(ESIt). In agreement with the IPCE results, all three dyes
generated very similar Jsc values, while dyes WS-70 and WS-72
showed prominently improved Vo performance with respect to
Y123. The PCE gradually increased from 9.2% (Y123) to 9.7%
(WS-70) and 10.3% (WS-72). The statistical efficiencies of DSSCs
based on the three sensitizers are presented in Fig. 2f, which
reveals good reproducibility of the fabricated cell devices.

Targeted reduction in the dye regeneration Vj,ss through redox
mediator engineering

We note that the strategy of incorporating an auxiliary acceptor
for decreasing electron injection Vi, also induces a down-
wards shift in the HOMO energy levels (Fig. 2¢). Actually, this is
a very common and thorny problem for sensitizer design
subject to synchronous shifts in both HOMO and LUMO levels,
which could cause additional V. in the electron injection or
the dye regeneration process.>**” Here, to adapt to the lowering
of the HOMO level in the new dyes and further reduce the Vj, in the
dye regeneration process, we manipulated the redox shuttle from the
[Co(bpy)s*"** (0.56 V vs. NHE) to [Cu(tmby),]**'* (0.87 V vs. NHE),
which possesses a more positive redox potential (Fig. 3a). This
modification decreases the energy difference between the Nernst
potential of the redox shuttle and the HOMO levels of the sensitizers.
Except for the downward shifted redox potential, the [Cu(tmby),]**"*
based redox mediators have higher diffusion coefficients and a
faster dye regeneration rate than that of [Co(bpy)s]*"*".>!
Notably, when employing a [Cu(tmby),*** redox mediator, all three
dyes displayed greatly enhanced overall photovoltaic performances
(Fig. 3b, c and Table 2, and Fig. S3, S4 and Table S3, ESIT). The Vo
values are universally increased by 160-170 mV with respect to that
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of [Co(bpy)s]*""*" based devices. Strikingly, the new dye WS-72 cell
exhibits a greatly improved Vo value of 1.1 V, which is above that of
previously reported high-efficiency DSSCs using cobalt-complexes as
mediators and matches the Voc of highly performing perovskite
solar cells."""'*'7*® Compared to a few previously reported high
Voc results that were realized by using dyes with large absorption
energies,”>*° this “trade-off” effect between the dye optical band
gap and the Vp¢ value is largely minimized here. The total Vjss
derived from the IPCE onset and the V¢ performance for WS-72
based DSSCs was successfully reduced to 600 mV. We compared
our results with a series of highly performing DSSCs that were
reported in the literature (Table S4, ESI), it can be clearly seen
that the Vj,ss of 0.6 V in the present work is the smallest one
when compared to other high efficiency DSSCs. Consequently,
an impressive efficiency of 11.6% was achieved by the WS-72 cell,
with Jsc = 13.3 mA cm™ > and FF = 0.78. A slight decrease in the
Jsc was observed for [Cu(tmby),]*"’* based devices with respect to
that of [Co(bpy)s]"*". This can be ascribed to the competitive
optical absorption of the copper redox mediator and the quench-
ing of the dye’s excited state by [Cu(tmby),]**,>**" as revealed in
the IPCE action spectra (Fig. 3d). Thus, through the reduction of
the electron injection Vs, and redox shuttle engineering which
attenuated the dye regeneration Vj.s, we attained a substantial
improvement in V¢ for the new dye WS-72, along with an
enhancement of the PCE from 10.3% to 11.6%.

Targeted reduction of the recombination Vj,ss by suppressing
the recapture of injected electrons

Except for the electron injection and dye regeneration related
Viess; the electron recombination occurring at the TiO,/dye/
electrolyte interfaces can also cause a Vs thus limiting the
PCE. 1t is well known that electrons injected into TiO, could
suffer from recombination by two electron transfer pathways,
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Fig. 3 (a) Chemical structures of the [Co(bpy)s]>*/3* and [Cu(tmby),]>*/*
and WS-72 employing the [Cu(tmby),]>*/* redox shuttle measured under

redox shuttles. (b) J-V curves for DSSCs fabricated with dyes Y123, WS-70
AM 1.5 G illumination (100 mW cm™2, solid lines) and in dark (dashed lines).

(c) Histogram plots of solar cell efficiencies (12 individual devices for Y123 and WS-70, 15 individual devices for the best performing sensitizer WS-72).

(d) IPCE spectra for DSSCs based on the [Cu(tmby),]>*/* redox shuttle.
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Table 2 Photovoltaic performance of DSSCs fabricated with dyes Y123,
WS-70 and WS-72 employing the [Cu(tmby),]2*/* redox mediator mea-
sured under AM 1.5 G illumination (100 mW cm™)

Dyes  Jsc (Cal) (mA em™?) Jsc (mAcem™) Voo (V) FF 1 (%)

Y123 13.6 13.6 1.03 0.74 10.3
WS-70  13.5 13.2 1.06 0.77 11.0
WS-72  13.3 13.3 1.10 0.78 11.6

Jsc (Cal) values were calculated from the IPCE spectra.

(i) to the oxidized form of the sensitizer, (ii) to the redox shuttle
in the electrolyte® (Fig. 1). Fig. 4a shows the results of laser flash
photolysis experiments for three dyes (Y123, WS-70 and WS-72),
which were performed with dye adsorbed on TiO, films in the
presence of inert electrolytes (without redox shuttles). In this
case, after dye excitation and electron injection, the oxidized
dye returns to the initial state by recapturing the electrons from
the TiO,. Thereby, the time constants (t,..) deduced from the
dye transient absorption decay reflect the recombination rate of
electrons in TiO, with an oxidized sensitizer. As summarized in
Table S5 (ESIt), Y123 displayed a 1. of 4.5 ms. By comparison,
WS-70 and WS-72 exhibited almost two (9.5 ms) and three times
(13 ms) longer 7., respectively, indicative of a much slower
back electron transfer rate. Apparently, incorporation of the
quinoxaline based auxiliary acceptor can effectively suppress
the recapture of injected electrons by the oxidized sensitizer,
attenuating the V. of this recombination channel.

To evaluate the recombination kinetics of injected electrons with
the redox shuttles, we further performed electrochemical impedance
spectroscopy (EIS) measurements on the DSSCs fabricated with dyes
Y123, WS-70 and WS-72, employing both [Co(bpy);]*"** and
[Cu(tmby),]*"* based electrolytes.*® Fig. 4b and c plot the charge
transfer resistance (Rcr) at the TiO,/dye/electrolyte interfaces
against different bias potentials. We note that the interfacial
recombination process is closely related to the electron density
in TiO,. As the Nernst potential of [Cu(tmby),]*"" is lower than
that of [Co(bpy);]*"'*", the electron density will be lower for the
former when the bias potential is the same. Therefore, the Ry of
[Cu(tmby), """ based DSSCs were larger than that of [Co(bpy);]*"**
at a low bias condition (Fig. 4b and c). However, when the bias
potential was near their Voc, the Rer of [Cu(tmby),]*”* based
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DSSCs became slightly smaller than that of [Co(bpy);]*"*". For
both electrolytes, the Rcr was found to remarkably increase with
an order of Y123 < WS-70 < WS-72 for both redox systems,
suggesting the suppressed recapture of the injected electrons by the
oxidized redox mediator. We believe that the quinoxaline unit with
two phenyl groups in WS-70 is favorable for the formation of a
compact dye assembly layer on the surface of TiO,,*" preventing the
contact of oxidized redox species ([Co(bpy);]*" and [Cu(tmby),]*")
with the injected electrons. By further modifying the quinoxaline
based auxiliary acceptor with two decorated hexyloxy chains on the
phenyl, WS-72 exhibits an even stronger capability to block the
recombination process (Rcr being two times larger than for Y123).
Overall, we have distinctly reduced the recombination Vi, by
suppressing the recapture of injected electrons by both the oxidized
sensitizer and the redox mediators through interfacial dye assembly
engineering.

The slower charge recombination contributes to a longer
electron lifetime and the accumulation of electrons in TiO,. Upon
charge dynamics characterization by transient photocurrent and
photovoltage decay measurements (as shown in Fig. S5, ESIT), it
can be observed that the electron lifetime is greatly prolonged from
Y123 to WS-70 to WS-72, not only for the [Co(bpy),*"/** but also the
[Cu(tmby),]*"* based redox electrolytes. At a given Vo, the electron
lifetimes for WS-70 and WS-72 sensitized cells are nearly three and
six times longer than that of Y123, respectively. The long lifetime
resulting from low charge recombination greatly contributes to Voc
enhancement for WS-72 based devices (see note in Fig. S5, ESIt).

Highly performing solid-state DSSCs

Thanks to the unique properties of the [Cu(tmby),]*""* redox

mediator that can be fabricated as a solid-state hole transport
material (HTM),'®*° we slowly evaporated the electrolyte solvent to
produce solid-state DSSCs with the best performing dye WS-72.
Significantly, we achieved an outstanding PCE of 11.7% (Jsc =
13.8 mA cm %, V¢ =1.07 V and FF = 0.79), exhibiting a small
increase in Jsc and a slight decrease in Vo as compared to the
liquid-junction cell device (Fig. 5a and Table 3). To the best of our
knowledge, this is the highest efficiency ever reported for solid-state
DSSCs. The photocurrent dynamics as a function of various light
intensities show that Jsc depends linearly on the light intensity,
suggesting no limitation of the mass transport of the solid state
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Fig. 4 (a) Flash photolysis measurements of dyes Y123, WS-70 and WS-72 adsorbed on mesoporous TiO, films with an inert electrolyte. Excitation
wavelength at 525 nm, probe wavelength at 580 nm. (b and c) Charge transfer resistance at the TiO,/dye/electrolyte interfaces for devices fabricated with
dyes Y123, WS-70 and WS-72 employing [Co(bpy)s]**/2* (b) and [Cu(tmby),]2*/* (c) based electrolytes.
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[Cu(tmby),]?*/* based HTM under various light intensities. (b) Dependence
of the photocurrent transient dynamics for solid-state DSSCs under
various light intensities. (c) Cross sectional SEM of the solid-state DSSCs
after removal of the PEDOT-coated FTO counter electrode.

Table 3 Photovoltaic performance of solid-state DSSCs fabricated with
WS-72 dye and [Cu(tmby),]>*/* based HTM measured under various light
intensities

Dyes P mWem ™) Jsc (mAcem™?) Voo (V) FF n (%)

WS-72 100 13.8 1.07 0.79 11.7
50 7.2 1.05 0.79 11.6
10 1.4 0.99 0.77 10.3

redox mediators** (Fig. 5b). Moreover, the shelf lifetime of the best
performing solid-state DSSCs was evaluated at room temperature
(Fig. S6, ESIT). The device can retain 96% of its peak efficiency after
1000 h, indicating a promising stability of the optimized DSSCs
system. A cross-sectional scanning electron microscopy (SEM,
Fig. 5c) image shows the structure of the solid-state cell device
(without the counter electrode). Energy dispersive X-ray spectro-
scopy analysis (Fig. S7, ESIT) shows the homogeneous infiltration of
the copper based redox mediator from top to bottom in the
mesoscopic TiO, films.

Conclusions

We have demonstrated a comprehensive control of the Vi, in
DSSCs from the electron injection, dye regeneration and
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electron recombination processes by modulating the energy
levels of the sensitizers and redox mediators, as well as the dye
assembly on the TiO, surface. The significantly decreased Viyss
brings forth a greatly improved Vo performance with negligi-
ble sacrifice in Jsc when compared to the initial benchmark. As
a result, the optimal dye WS-72 employing a [Cu(tmby),]*"*
liquid-junction redox electrolyte generates a notable V¢ of
1.1 V along with an excellent PCE of 11.6% under AM 1.5 G
illumination; a 26% improvement over that of reference dye
Y123. The outstanding Voc is comparable to that of a high
performing perovskite solar cell. Compared to a few previously
reported high Vo values that were realized by using dyes with
large absorption energies, the “trade-off” effect between the
dye optical band gap and the V¢ value is largely minimized
here. Moreover, the solidification of the liquid-junction devices
leads to an even higher PCE of 11.7% (Jsc = 13.8 mA cm 2, Vo =
1.07 V and FF = 0.79). To the best of our knowledge, this represents
the highest PCE for solid-state DSSCs so far. Our work is a good
example of radically improving the PCE of DSSCs through
comprehensive control of V.. Future work will focus on more
elaborate optimization enhancing the long-wavelength-response of
organic sensitizers to further boost their photovoltaic performance.

Experimental section

Materials

Toluene (Sigma-Aldrich), ethanol (Fluka), acetonitrile (ABCR),
LiTFSI (TCI) and TBP (TCI) were used as received, unless stated
otherwise. [Co(bpy)s]*"*" and [Cu(tmby),]*""* redox shuttles and dye
Y123 were prepared in the same manner reported previously.>*>*%”
Starting materials 4,4-dihexyl-4H-cyclopenta|2,1-b:3,4-b'|dithiophene
(1), 5,8-dibromo-2,3-diphenyl-4a,8a-dihydroquinoxaline (2), 5,8-
dibromo-2,3-bis(4-(hexyloxy)phenyl)-2,3-dihydroquinoxaline (5),
N-(2,4'-bis(hexyloxy)-[1,1"-biphenyl]-4-yl)-2’,4’-bis(hexyloxy)-N-(4-
(4,4,5,5-tetramethyl-1,3-dioxolan-2-yl)phenyl}-[1,1’-biphenyl}-4-amine
(8) were synthesized according to the corresponding literature
methods.***"** Tetrahydrofuran was dried by sodium under an
argon atmosphere before use. 4,4-Dioctyl-4H-cyclopenta[2,1-b:3,4-b']-
dithiophene (6) were purchased from Derthon Co Ltd. Trimethyl-
borate was purchased from Adamas Reagent Co Ltd. All other
solvents and chemicals were purchased from Acros, Aldrich and
used as received without further purification.

Devices fabrication

The fabrication of DSSCs followed the previous literature.>” The
procedures for preparing cell devices with [Co(bpy)s;]*”>" and
[Cu(tmby),”* were similar except for the electrolyte composition
and counter electrode (graphene nanoplatelets for [Co(bpy)s]*** and
PEDOT for [Cu(tmby),]*"'"). For photoanodes, FTO glasses (FTO,
Solar 4 mm thickness, 10 ohms sq !, Nippon Sheet Glass) were
first cleaned with a detergent solution (Deconex) in an ultrasonic
bath (15 min), followed by water (15 min), acetone (15 min) and
ethanol (15 min). This initial step was then followed by a UV/O;
treatment (20 min). Afterwards, the substrates were immersed
into a 53 mM TiCl, solution and kept at 70 °C in an oven for
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30 minutes to form a compact TiO, blocking layer. The screen-
printing transparent paste was composed of ~30 nm diameter
anatase particles (30 NRD), and a scattering layer (400 nm
diameter, Catalysts & Chemicals Ind. Co. Ltd (CCIC), HPW-400)
was deposited on the top of transparent layer. The electrodes
coated with the 8 um TiO, pastes (4 pm transparent layer and
4 um scattering layer) were sintered on hot plate. Afterwards, the
TiO, electrodes were immersed into a 0.1 mM solution of Y123,
WS-70, WS-72 with 0.5 mM 3a,70-dihydroxy-5B-cholic acid
(chenodeoxycholic acid) in toluene/ethanol mixture (2/8 volume/
volume) and kept for 16 h at room temperature. The dye sensitized
electrodes were rinsed by acetonitrile and dried with nitrogen
flow. For the counter electrodes of the [Co(bpy);]*"/*" system, the
graphene nanoplatelets were prepared by drop casting of the
suspension (2 mg mL ™" in acetone) on predrilled FTO (TEC 7,
Pilkington) then heated to 450 °C for 2 min. For the [Cu(tmby),*""*
system, the PEDOT films were prepared by electrochemical deposi-
tion on predrilled FTO glass. The working electrodes and counter
electrodes were assembled in a dry box with 15 um of Surlyn
(DuPont). The electrolyte was injected into the device through a
predrilled hole in the counter electrode under vacuum. The cobalt
based electrolyte consists of 0.25 M [Co(bpy)s] [B(CN),], and 0.06 M
[Co(bpy)s] [B(CN),]3 complexes with 0.1 M LiTFSI and 0.5 M 4-tert-
butylpyridine in acetonitrile. The copper based electrolyte consists
of 0.2 M [Cu(tmby),] (TFSI) and 0.06 M [Cu(tmby),] (TFSI), com-
plexes with 0.1 M LiTFSI and 0.6 M 4-tert-butylpyridine in aceto-
nitrile. For solid state devices, the electrolyte solvent was evaporated
in a dry box by keeping the holes on the counter electrode unsealed
for a period of more than one week. Since acetonitrile solvent has a
low boiling point of 81.6 °C and a high volatility, most of the solvent
was removed during this process. To further confirm the absence of
residual solvent in the cells, we kept the above evaporated devices
in a high vacuum chamber connected to a vacuum pump for one
hour, and measured the photovoltaic performance of the device
before and after the vacuum treatment. The metrics remained
unchanged upon vacuum treatment, indicating negligible residual
solvent in the cells. A black mask (0.158 cm?) was used in the
subsequent photovoltaic studies to ensure an accurate measure of
the area of incident light.

J-V characterization

The current density-voltage ( J-V) characteristics were measured
under a 450 W xenon light source (Oriel, USA). A Keithley model
2400 digital source meter (Keithley, USA) was used to apply an
external potential bias to the devices and measure the resulting
current. The Oriel was equipped with a SchottK113 Tempax
sunlight filter (Praezisions Glas & OptikGmbH) to match the
emission spectrum of the lamp to the AM 1.5 G standard. The
light intensity was determined using a calibrated Si reference
diode equipped with an infrared cutoff filter (KG-3, Schott) to
reduce the mismatch in the region of 350-750 nm between the
simulated light and AM 1.5 G to less than 4%.

SEM characterization

Cross-sectional scanning electron microscopy (SEM) and energy
dispersive X-ray spectroscopy (EDX) were carried out using a
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MERLIN high-resolution SEM (Zeiss, Germany). The sample for
SEM measurement was made by removing the PEDOT counter
electrode of the solid-state DSSCs.

Incident photon-to-current conversion efficiency (IPCE)

IPCE spectra were measured with a lock-in amplifier (Stanford
Research SystemSR830 DSP) under chopped monochromatic
light (2 Hz) generated by a white light source from a 300 W xenon
lamp passing through a Gemini-180 double monochromator
(Jobin Yvon Ltd). The solar cell is illuminated under a constant
white light bias with an intensity of 50 W m > supplied by an
array of white light-emitting diodes.

Transient photocurrent and photovoltage measurements

Electron lifetime measurements were performed using the DN-
AE01 Dyenamo toolbox with a white LED (Luxeon Star 1W) as
light source. Voltage traces were recorded with a 16-bit resolu-
tion digital acquisition board (National Instruments) and life-
times were determined by monitoring photovoltage transients
at different light intensities upon applying a small square wave
modulation to the base light intensity. The photovoltage
responses were fitted using first-order kinetics to obtain time
constants.

Electrochemical impedance spectroscopy (EIS)

EIS measurements were performed with a BioLogic SP300
potentiostat. To obtain the spectra, the solar cell was biased
with potentials and a modulation amplitude of 15 mV in the
frequency range (1 MHz-0.1 Hz). Z-view software (Scribner) was
used for analysis of the impedance spectra.

Flash photolysis measurement

The experiment was conducted with dye adsorbed on TiO,
films in the presence of inert electrolytes (0.1 M LiTFSI and
0.5/0.6 M 4-tert-butylpyridine in acetonitrile for the cobalt/
copper based electrolyte). To observe the microsecond-to-
millisecond dynamics, a nanosecond laser pump pulse excites
a sample and induces a photochemical reaction, while a con-
tinuous light source probes the response of the reaction. The
excitation source is generated by a frequency-doubled (532 nm)
Nd-YAG Q-switched laser (Ekspla NT-342) with 20 Hz repetition
rate. To optimize the experimental fluence conditions, the
pump beam is attenuated by grey filters. As the probe beam,
a continuous Xenon arc lamp filtered by a monochromator with
filters is used. The probe beam passing through a sample is
collected by a second monochromator and delivered to a fast
photomultiplier tube (R9910, Hamamatsu) supplied with 750 V,
which converts photons into electrons. To obtain a satisfactory
signal to noise ratio, a digital signal analyzer (DPO 7104C,
Tektronix) records the induced transient voltage signal and the
data acquisition is averaged over 3000 laser shots, resulting in a
sensitivity of 107* AA.
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