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ABSTRACT: We demonstrate the enhancement of pore-filling and wettability of gel electrolyte in
quasi-solid-state dye-sensitized solar cells (DSSCs) by developing a kinetically driven electrolyte
infiltration approach, in which the air purging provides the driving force. This method renders fast
electrolyte diffusion throughout the three-dimensional TiO2 nanoparticle network, promising for
large-area device fabrication. In addition, for the first time we incorporate multiwalled carbon
nanotubes into the anode of quasi-solid-state DSSCs to improve the charge transfer efficiency and fill
factor. These advancements finally generate an efficiency exceeding 7.0%, much higher than the
device efficiency of 5.5% fabricated by the conventional method.
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Dye-sensitized solar cells (DSSCs) have attracted intense
interest because of their low-cost fabrication, color

selectivity, and potential applications in building integrated
photovoltaics.1−3 Basically, upon light illumination, the photo-
excited dye molecules inject electrons into the conduction band
of the supporting oxide. Dye is regenerated via the reaction
with reducing species (such as I−) in the electrolyte. Efficient
dye regeneration requires the dye molecule layer sufficiently
wetted by the electrolyte. In addition, fast diffusion of redox
shuttles between two electrodes is critical for sufficient amount
of reducing species approaching dye molecules. Redox couple
transportation in liquid media is efficient due to the nearly free
ionic diffusion,4 which generated benchmark efficiencies in
liquid electrolyte based DSSCs during the past few decades.5−8

However, the (volatile) solvent in liquid electrolyte usually
results in leakage and/or evaporation, which are considered as
one of the critical factors that shorten the lifetime of the
DSSCs.9 In this regard, (quasi-) solid-state electrolytes offer
promising alternatives for the fabrication of DSSCs with long-
term stability;10 they can avoid the electrolyte leakage/
evaporation and corrosion on counter electrode as well as
suppress dye dissociation from oxide surface to the electrolyte.1

Polymer gel-based electrolyte is a class of quasi-solid-state
redox transporting media, it becomes fluidic at high temper-
ature (e.g., around 90 °C),10−12 allowing the electrolyte
injection compatible with liquid counterpart. However, a fact
is that the viscosity of gel electrolyte is much larger than the
liquid counterparts; the mobility of redox ions in gel electrolyte
is generally a quarter of that in liquid phase.13,14 The infiltration
of gel electrolyte into the mesoporous anode network thus

becomes difficult, especially for the deeper pores in the thick
anode films. Moreover, it poses a great challenge in terms of
large-area device fabrication. On the other hand, the existence
of air inside the film can also influence the degree of pore filling
and wettability of electrolyte with the dye layer.
Herein, an injecting-while-purging electrolyte injection

process is developed. Two holes predrilled in the counter
electrode are used for simultaneous injection of electrolyte and
purge of air (Figure 1a). This approach possesses two
advantages: (1) the purging process can evacuate air in the
dye layer and thus improve the wettability, and (2) the air
evacuation drives a fast permeation of the gel electrolyte
throughout the anode film, ensuring a high degree of pore
filling before the gel electrolyte cooling down. This latter
advancement is especially important for large-area device
fabrication. To further improve the device efficiency, we
incorporate multiwalled carbon nanotube (MWCNT) into the
TiO2 network to enhance the charge transfer and ion diffusion
efficiency (Figure 1b). Comparative studies show that device
fabricated by injecting-while-purging protocol in the presence
of MWCNT incorporation generates a high power conversion
efficiency (PCE) of 7.1%, the device without MWCNT
incorporation displays a PCE of 6.2%, whereas the device
fabricated by the conventional electrolyte injection approach
presents a PCE of only 5.5%.
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For a systematic investigation, we begin our study from
standard anode structure, i.e., one transparent layer and one
scattering layer (ca. 12 μm of overall anode film thickness).15

The gel electrolyte containing I3
−/I− as redox couple and

poly(vinylidene fluoride-co-hexafluoropropylene) (PVdF-HFP)
as supporting polymer is prepared according to the reported
method with minor modifications.10 By using the injecting-
while-purging electrolyte filling method, the DSSC shows a
PCE of 5.3% when using N719 as sensitizer, with short-circuit
current density (Jsc) of 11.58 mA cm−2, open-circuit voltage
(Voc) of 0.68 V and fill factor (FF) of 0.67 (device 1, Figure 2).
We then incorporate different amounts of MWCNT into TiO2
anodes. An optimization shows that the weight percentage of
MWCNT in TiO2 paste at 0.00417% (device 2) generates the
highest efficiency of 5.8% (the detailed optimization process is
provided in the Supporting Information). The device
parameters are tabulated in Table 1 for easy comparison. It is

observed that the improved PCE stems mainly from the
increased FF, from 0.67 to 0.70, whereas the Jsc and Voc show
negligible improvement. This result is contradictory to that of
liquid electrolyte based DSSC where the incorporation of
MWCNT or graphene sheet usually lead to a considerable
increase in Jsc,

16−18 due to the enhanced charge collection
efficiency. In quasi-solid-state DSSCs, the ion diffusion is a slow
kinetics; the incorporation of MWCNT can facilitate the ion
diffusion by forming well connected polymer gel electro-
lyte.19,20 On the other hand, the existence of randomly
distributed MWCNT would inhibit the crystallization of
polymer gel in the anode films, whereas the amorphous
phase can also generate a fast ion transport.21 Because the FF of
DSSC is associated with the total resistance of the device, the
improvement in ion diffusion contributes to the FF enhance-
ment in device 2.

Figure 1. (a) Schematic illustration of device structures and gel electrolyte injection method, in which a purging process is performed when injecting
gel electrolyte and MWCNT is incorporated into the TiO2 nanoparticle-based anode to improve the charge and ion transport. (b) SEM image of the
MWCNT/TiO2 nanoparticle mixture for anode of quasi-solid-state dye-sensitized solar cells, inset showing the TEM image of the used MWCNT.
(c, d) SEM images of the cross-sections of anode films filled with gel electrolyte, injection was performed in the presence (device 3) and in the
absence (device 7) of air evacuation. (e, f) Element mapping of iodine of the cross sections of anode films of device 3 and 7, respectively. Bright dots
in e and f indicate the intensity of iodine in the cross-sections of device 3 and 7, respectively.
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In quest of highly efficient DSSCs, development of dye
molecules with broad spectral response in the full-visible to
near-infrared region is one of the prerequisites. However, so far

there is no dye possessing high extinction coefficient
throughout the range due to synthetic barriers in molecular
preparation.8,9 A practical way to achieve attainable efficiency is
to uptake more dye molecules by increasing the surface area of
anode. In this context, we fabricate devices with film thickness
up to 18 (device 3), 23 (device 4), and 29 μm (device 5) using
the optimized MWCNT/TiO2 paste to increase the anode area.
As a result, the DSSCs show PCEs of 7.1, 6.8, and 6.0%,
respectively. The efficiency improvement is mainly due to the
improved Jsc, from 11.79 mA cm−2 to 15.05, 15.10, and 14.03
mA cm−2 (Table 1 and Figure 2), which is consistent with the
evolution of external quantum efficiency (EQE) of the devices
(see Figure S1 in the Supporting Information). The improved
light harvesting efficiency and charge collection efficiency
contribute to the improvement in photocurrent conversion
efficiency. The PCE decrease in device 4 and 5 is due to the
progressively increased charge recombination probability
induced by the increased electron percolation path length in
thick anode films,15 so that the MWCNT improved charge
transport no longer significantly prevails over the back reaction
with I3

− species. The device based on pure TiO2 nanoparticles
also shows the highest efficiency of 6.2% when the film
thickness is 18 μm (Table 1 and Figure 2, device 6).
Electrochemical impedance spectroscopy (EIS) under dark at

open-circuit voltage is studied to elucidate the charge transfer
properties of the devices. There are two semicircles observed in
the plots (Figure 3a), the equivalent circuit is shown as inset in
Figure 3a. The smaller arcs in each spectrum correspond to the
charge transfer resistance (R1) at counter electrode. They are
nearly the same because identical counter electrodes are
applied. Rs is associated with sheet resistance. The larger arcs
suggest the charge transfer resistance (R2) from the conduction
band of TiO2 to electrolyte. In the absence of MWCNT
incorporation (device 6), the R2 is calculated to be 98.4 Ω.
With MWCNT incorporation (device 3), the R2 is reduced to
95.9 Ω. The decreased R2 is due to the good conductivity of
MWCNT which enables a fast charge transfer to electrolyte in
the TiO2 nanoparticle network.22,23

We thus perform comparison between our method and the
conventional electrolyte injection method, i.e. in the absence of
air evacuation (device 7). The anode and cathode structures of
the two devices are the same. As a consequence, device 7 shows
an efficiency of 5.5%, which is considerably lower than that
using injecting-while-purging electrolyte infiltration approach
(7.1%). From Table 1 and Figure 2, the efficiency decrement
originates mainly from the decreased Jsc, from 15.75 to 11.63
mA cm−2. To explore the enhancement mechanism, we

Figure 2. Photocurrent density−voltage characteristics of device 1 to
8, measured under one sun illumination (AM 1.5G, 100 mW cm−2).

Table 1. Device Structures and Photovoltaic Parameters of
the Quasi-solid-state Dye-Sensitized Solar Cells Measured
under 1 sun Illumination (AM 1.5 G, 100 mW cm−2)

DSSCa
MWCNT

%b
film
(μm)e Voc(V)

Jsc
(mA/cm2) FF

PCE
(%)

1 0 12 0.68 11.58 0.67 5.3
2 0.00417 12 0.70 11.79 0.70 5.8
3 0.00417 18 0.67 15.75 0.67 7.1
4 0.00417 23 0.67 15.10 0.67 6.8
5 0.00417 29 0.65 14.03 0.66 6.0
6 0 18 0.67 13.62 0.67 6.1
7 0.00417c 18 0.68 11.63 0.69 5.5
8 0.00417d 18 0.64 10.92 0.70 4.9

aThe effective areas of all the devices are 0.196 cm2. bThe weight
percentage of multiwalled carbon nanotube in the TiO2 paste.
cInjection of the gel electrolyte in the absence of air purging, other
devices are fabricated adopting the injecting-while-purging electrolyte
injection method. dBaking at 90 °C for 30 min. eAnode film thickness.

Figure 3. Electrochemical analysis of devices. (a) Nyquist and (b)
Bode phase plots of device 3, 6, 7, and 8; the inset in (a) shows the
equivalent circuit of the devices.

Figure 4. Open-circuit voltage decay profiles of device 3, 6, 7, and 8.
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conducted scanning electronic microscopy (SEM) character-
izations of the anode films to investigate the pore filling
behavior in the presence and in the absence of air evacuation.
Device 3 shows a smoother cross-section image than that of
device 7 (Figure 1c, d), indicting a more efficient electrolyte
infiltration into the mesporous TiO2 network with air
evacuation. Furthermore, the element mapping of the anode
films based on iodine is conducted (Figure 1e, f). First, it can be
seen that the distribution of iodine in the anode of device 3 is
more uniform than that in device 7. In addition, the iodine
content in device 3 is significantly higher than that in device 7.
Energy-dispersive X-ray spectroscopy (EDX) characterization
(see Figure S2 in the Supporting Information) shows that the
atomic percentage of iodine in the film of device 3 is around
6.9%, whereas that in device 7 is only about 4.2%. All of these
evidences suggest that the pore filling of quasi-solid-state
electrolyte is more efficient in the presence of air purging.
Apparently, a high-degree of pore filling would generate fast ion
(I−/I3

−) transport,24 good wettability, and more efficient dye
regeneration, thus leading to a high energy conversion
efficiency of the quasi-solid-state DSSC. On the ground of
EIS characteristics (Figure 3a), R2 of device 7 is estimated to be
123.5 Ω, significantly larger than that of device 3. Because the
electrode structures of the two devices are identical in terms of
dye-adsorbed TiO2 nanoparticle networks, the retarded charge
transfer is most likely due to the reduced contact area between
TiO2 and gel electrolyte, which results from the less efficient
electrolyte infiltration. This effect in turn results in a portion of
dye molecules becoming inactive that gives rise to smaller Jsc.
To increase the pore filling throughout the oxide network, a

commonly used method is to bake the poorly wetted electrode
at high temperature, usually 90 °C, for a period of time.25 We
compare this method with our approach by using the same
electrode structures as device 3. After the electrolyte injection
(in the absence of purging), we bake the device at 90 °C for 30
min (device 8), it turns out that the device efficiency is dropped
to 4.9%. From Table 1, one can observe that the Jsc and Voc are
significantly decreased when compared with those of device 3.
However, the FF is increased from 0.67 to 0.70, indicating that
the high temperature annealing would improve the cross-
linking network of polymer skeleton and thus reduce the I3

−/I−

diffusion impedance. However, this improvement is annihilated
by significantly decreased Jsc and Voc in terms of the overall
device efficiency, most likely owing to the thermal damage of
dye molecules since N719 becomes unstable when the device
temperature exceeds 85 °C.26 Furthermore, shorter baking time
(10 min) could alleviate the damage, whereas the device
efficiency (5.3%, see Figure S3 in the Supporting Information)
is still significantly lower than that of device 3. Therefore, our
method based on kinetically driven electrolyte infiltration and
wetting is advantageous when compared with thermal-driven
pore filling method. Electrochemical analysis shows that the R2
of device 8 is 109.2 Ω (Figure 3a), which is smaller than that of
device 7, indicating that the baking can indeed improve the
wetting of electrolyte.
From the Bode phase plots of the devices (Figure 3b), the

characteristic charge transfer frequencies ( f) are obtained,
which correspond to the peaks of the Bode phase plots. The
higher frequency indicates a fast charge transfer process.27 The
peak frequencies of device 3, 6, 7, and 8 are 9.6, 11.5, 8.3, and
12.2 Hz, respectively. It can be seen that the charge transfer
from conduction band of TiO2 to electrolyte is greatly blocked
in device 7, which is also an indication of less efficient pore

filling between electrolyte and TiO2 surface. While in device 3,
6, and 8, with either purging or postbaking of the device at high
temperature, the charge transfer becomes more efficient. In
addition, MWCNT (O. D. × L = 6−9 nm × 5 μm of 3−6
layers) in the network reduces the percentage of TiO2
nanoparticles in the anodes, which induces the smaller f of
device 3 when compared with that of device 6. The f of device 8
shows the highest value, suggesting the better contact between
TiO2 surface and the gel electrolyte for fast charge transfer.
To further probe the recombination kinetics of the devices,

open-circuit voltage decay (OCVD) is recorded to illustrate the
lifetime of Voc from a steady state to dark equilibrium. Figure 4
shows the OCVD profiles of devices 3, 6, 7, and 8. The
correlation between Voc decay and electron lifetime (τn) can be
described by eq 1

τ = −
−⎛

⎝⎜
⎞
⎠⎟

K T
e

dV
dtn

B oc
1

(1)

where kB is the Boltzmann constant, T is temperature, and e
is the electron charge.28,29 The electron lifetimes can be
extracted from the slope of Voc decay curve at initial stages.
First, the decay curves of device 3 is similar to that of device 6,
indicating that the electron life is comparable. Notably, the
photovoltage decay of device 7 is the slowest one. This is
consistent with the electrochemical analysis that the poor
wetting of dye/TiO2 surface impede the back charge transfer,
whereas the postannealing generates good wettability, which
leads to the fastest voltage decay in device 8.
In conclusion, we have developed an effective approach to

infiltrate gel electrolyte in the mesoporous anode network for
high performance quasi-solid-state DSSCs. This method avoids
the high-temperature annealing that usually causes degradation
of dye molecules. Additionally, the incorporation of carbon
nanotubes can enhance the charge transport and thus allows
the use of thick anode films for higher dye loading capacity and
more efficient light harvesting. These two advancements finally
lead to an impressive energy conversion efficiency of 7.1%,
which is higher than both the conventional electrolyte injection
method prepared device and solely TiO2 nanoparticle anode
based device. Our initial stability testing shows that the device
efficiency maintains nearly the same after storage for 100 h (see
Figure S4 in the Supporting Information). Because dye-
sensitized mesoporous TiO2 network is mostly applied for
the devices, the proposed method would generate broad
interests in the fabrication of high-efficiency devices with
respective to different gel electrolytes and dye molecules.
Finally, our method is feasible and easy to scale up for large
area device fabrication when compared with the conventional
infiltration methods.
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