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We discovered a method of applying a forward pulsed bias to recover the degraded quasi-solid-state dye-
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sensitized solar cells (DSSCs). Up to 30.7% of the power conversion efficiency (1) of a degraded
poly(vinylidene fluoride) (PVDF) based DSSC was recovered by a double-pulse. The recovered 5 remained
higher than that before the double-pulse treatment for at least 28 days. It is deduced that the blocking

of ion-transport channels in the quasi-solid-state electrolyte causes degradation of the DSSCs. This study
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1. Introduction

Dye-sensitized solar cells (DSSCs) have attracted tremendous
attention in recent years, because of their low cost and high
efficiency.'™ The DSSCs with highest power conversion efficiency
(n) are based on liquid electrolytes, and the recently reported
efficiency was over 12%.* However, the liquid electrolytes limit
the long-term stability of DSSCs. Much effort has been made to
replace the liquid electrolytes by solid-state materials, including
inorganic hole conductors/p-type semiconductors,”” organic hole
conductors,* " nano-composite materials,">"* and gel and polymer
electrolytes."*™"” Among these materials, polymer electrolytes
have obtained growing interest from the perspective of practical
applications owing to their excellent characteristics such as easy
fabrication, low cost, good stability and flexibility."*° The
stability is a crucial issue for the commercial use of such DSSCs.
Nevertheless, very few studies have been reported on the stability
and degradation mechanisms of these cells. There is still no
report on the recovery of degraded DSSCs. Hence the study of the
degradation mechanism and exploring methods to solve the
problem are of great significance.

In this study, an appropriate pulsed electrical bias (around
2.5 V) is applied to poly(vinylidene fluoride) (PVDF) based
DSSCs to force the redistribution of triiodide (I;~) and iodide
(I") in the electrolyte. Usually such kinds of pulses could cause
damage to DSSCs, since a voltage which is much greater than
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will shed light on the efficiency enhancement and long-term stability of quasi-solid-state DSSCs.

the open-circuit voltage (V,.) could induce a large dark current.
Nonetheless, if the pulse width is well controlled, the damage
could be avoided. We have found that the efficiency of a
degraded solid DSSC could be significantly recovered without
causing damage to the cell after applying an appropriate
positive double-pulse due to the recovery of the short-circuit
photocurrent density (/). Such recovery could last in the air in
the dark for a long period, at least 28 days. This pulsed-bias
method could be practically applied in the actual usage of
DSSCs. Furthermore, the recovery of degraded DSSCs by this
method also indicates that the blocking of the diffusion of
I'/I;~ in such a quasi-solid-state electrolyte is a key factor of the
degradation mechanism.

2. Experimental

2.1. DSSC fabrication

8 pm-thick TiO, films were fabricated on conductive fluorine-doped
tin oxide (FTO; resistance: 12-14 Q per square; transmittance:
82-84%; MTI Co., USA) glass substrates using a screen printing
method*" with a paste consisting of 15-20 nm TiO, particles
(SOLARONIX, Ti-Nanoxide T/SP, Switzerland). The area of the
active region on the FTO glass was 0.12 cm? After sintering
at 500 °C for 1 h, a 2 pm-thick TiO, scattering layer composed
of 50-100 nm TiO, particles (SOLARONIX, Ti-Nanoxide R/SP,
Switzerland) was deposited. The films were subsequently sintered
again at 500 °C for 1 h before being dipped into 0.05 M TiCl,
aqueous solution at 70 °C for 30 min, followed by calcination at
450 °C for 30 min to stain the TiO, films. The TiCl,-pretreated
films were cooled down to 120 °C before being soaked into
the dye solutions (0.3 mM N719 in acetonitrile-tert-butanol,
v/v = 1:1) for 24 h. The counter electrode was Pt-coated FTO
with two drilled holes for filling the electrolyte. The Pt layer was
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deposited on the FTO glass by an electrodeposition process in
H,PtCls solution (0.5 M). A 25 pum-thick Surlyn (SOLARONIX,
Switzerland) film was used as a spacer between the photo-
electrode and the counter electrode for each DSSC. The redox
electrolyte contained 0.1 M Lil, 0.05 M I, 0.6 M 1,2-dimethyl-3-
propylimidazolium iodide, and 2 wt% PVDF (Kynar 301F, M,, =
3.8 x 10°) using acetonitrile-dimethyl sulfoxide (v/v = 4:1) as
solvent. The electrolyte solution was repeatedly injected into the
space between the photoelectrode and the counter electrode and
dried on a hot plate at 40 °C until the porous nano-TiO, was
fully filled and the solvent was sufficiently removed. Three quasi-
solid-state DSSCs were fabricated and tested in this study: C1,
C2, and C3. Only for C1, the two holes were sealed with the
Surlyn film and a glass slide by heating. C2 and C3 were not
sealed to accelerate their degradation.

2.2. Photovoltaic measurement and applying pulses

The current-voltage (/-V) measurements of the three DSSCs
were performed using a Keithley 2400 source meter under the
illumination of simulated AM 1.5G solar light (Oriel 94022A
equipped with a 150 W Xe lamp and an AM 1.5G filter). To apply
the pulse while retaining the capability to measure the current,
we again utilized the Keithley 2400 source meter for the electrical
pulses. The source meter was controlled by a computer program
to generate pulses with a constant 185 ms width. The shapes of
the output pulses were recorded using an Agilent DSO5014A
oscilloscope.

2.3. Characterization and stability tests

The morphology of the nano-TiO, photoelectrode covered by
the gel electrolyte was characterized by using a scanning
electron microscope (SEM, Zeiss LEO 1530). The transient
photocurrent curves were recorded using an Agilent 34411A
64, digital multimeter. The electrochemical impedance
spectroscopy (EIS) was carried out using an SP-200 potentiostat
(Biologic, USA), with the frequency ranging from 100 Hz to
200 kHz. The DSSCs were kept at open circuit potentials under
AM 1.5G illumination for the EIS test. For the long-term stability
tests, J-V curves of C1 and C3 under AM 1.5G illumination were
recorded intermittently for a long period. When C1 and C2 were
not tested, they were kept in the air in the dark, at 25 °C
temperature and 30% humidity.

3. Method and mechanism

When a positive pulsed electrical bias (counter electrode with
positive potential, photoelectrode with zero potential) is applied
to a DSSC, electrons are injected from the conduction band of the
TiO, photoelectrode to the redox level of the electrolyte.”* The
following reaction then occurs at the TiO,/dye/electrolyte interface:

I~ +2e (Ti0,) — 31, 1)

where plenty of I" ions are produced near this interface.
Meanwhile, I;~ ions in the same amount are produced near
the counter electrode via a reverse reaction of eqn (1), as shown
in Fig. 1. The net effect of the positive pulse is therefore the
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Fig. 1 Schematic of the ion distribution in the electrolyte before and after the
application of the positive pulse in a typical DSSC. The region on the left
represents the dye-loaded TiO, nanoparticles surrounded by the electrolyte,
while the middle region between the TiO, photoelectrode and the Pt counter
electrolyte represents the pure electrolyte.

increased concentration of I" near the TiO, photoelectrode,
while the concentration of I;- near the counter electrode is
increased. After the pulse, the concentration gradient drives the
ions to diffuse back to the initial equilibrium.

When DSSCs operate under illumination, the I" ions near
the photoelectrode provide the electrons to the lowest unoccupied
molecular orbital (LUMO) energy level of the dye to contribute to
the photocurrent. For typical liquid electrolytes with a high
conductivity, the concentration of I" does not influence the
photocurrent of the DSSCs. However for quasi-solid-state and
other viscous electrolytes, their diffusion coefficients are too low
to maintain a sufficiently large flux of I"/I;~ transport, which
limits the photocurrent.”® The photocurrent of a quasi-solid-
state DSSC increases with 17/I;~ concentration.”*** Therefore,
the immediate Js. of a quasi-solid-state DSSC after the positive
pulse should be improved if the pulse does not bring any
damage to the cell. Afterwards, the electrolyte will return to the
initial equilibrium, and J,. should drop back to the initial value
before the pulse.

As shown in Fig. 2a, the PVDF-based electrolyte covers the
TiO, nanoparticles and fills in their interspace. In such a quasi-
solid-state polymer electrolyte, framework materials provide
the liquid-like channels for the transport of I /I;~.>**° If a
DSSC is degraded by the blockage of such channels, the large
transient current during the pulse may open up some of them to
recover the performance, as shown in Fig. 2c. If this hypothesis
is true, the performance of the DSSC should still be better when
reaching the equilibrium after a pulse period, compared with
that before the pulse.

To set the parameters of the pulse in the experiments, the
total quantity of I atoms in the electrolyte should be consid-
ered, according to eqn (1). The number of the injected electrons
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Fig. 2 (a) SEM image of the nano-TiO, photoelectrode covered by the gel
electrolyte. (b) Double 185 ms electrical pulses (P1) generated using the source
meter, measured using an oscilloscope. (c) Some of the blocked ion-transport
channels in this quasi-solid-state electrolyte are opened up by the applied pulse.

via the pulse should be fewer than or at most comparable with
the total number of I atoms in the electrolyte. If the injected
electrons significantly outnumbers the I atoms, the excessive
electrons may cause some irreversible damage to the cell.
Hence the control of the parameters of the pulse is crucial. In
our experiments, the basic pulse parameters are shown in
Fig. 2b, with a constant 185 ms pulse width. During the pulse
period, the currents near the rising and falling edges were
recorded, respectively, typically around 40-45 mA for C1, C2,
and C3 with 2.5 V pulse height. Using an average current of
40 mA, the total number of injected electrons (Nj,j) can be
estimated to be 4.6 x 10"°. The total number of I atoms in the
electrolyte (N;) can be calculated to be 1.4 x 10'°, with [I,] =
0.05 M and an estimation of 50% porosity of TiO, films. Thus
Ninj is sufficient and relatively comparable with Ni.

4. Results and discussion

In the first study, two single 185 ms pulses separated by 2 s
were applied to enhance the pulse effect. The measured double-
pulse with 2.5 V in height is shown in Fig. 2b, called P1. The
transient currents at the beginning and the end of the pulse
applied to the DSSC were recorded using the Keithley 2400
source meter. For C1, the average current under the 2.5 V pulse
was measured to be about 40 mA. J-V curves of C1 before and
after P1 are shown in Fig. 3a. The J-V curve of C1 before P1 was
first recorded. After P1, -V was recorded immediately (2 s after P1),
showing a great improvement in Jg. by about 25%. However, the
J-V curve at the low voltage region is a little steep, indicating a
nonequilibrium state of the cell. After 2 min, J-V was recorded again
(also in Fig. 3a), showing a decreased but flatter photocurrent.
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Fig. 3 (a) -V curves under AM 1.5G and (b) Nyquist plots of C1 before and after

P1. EIS measurements were performed under AM 1.5G illumination and with
+0.74 V bias on C1 (open-circuit).

This is due to the diffusion of I /I;~ as shown in Fig. 1. Here, /i
of C1 is still greater than that before P1. V,. was not affected by
the pulses during the process.

In order to understand the mechanism of the increase in the
photocurrent, EIS under AM 1.5G illumination at open-circuit
potentials was performed, and the Nyquist plots of C1 before
and after P1 are shown in Fig. 3b. The three semi-circles in
each curve refer to the impedances at the Pt electrode (Z;), the
TiO,/dye/electrolyte interface (Z,), and in the electrolyte (Z3),
respectively.”””*® Simulation of the two spectra in Fig. 3b was
performed using a Z-View software, and all the impedances
were obtained, shown in Fig. S1 and Table S1 (ESI}). After P1, Z,
was greatly reduced, indicating that the conductivity at the
TiO,/dye/electrolyte interface was greatly improved. This result
confirms the increase in the I concentration at the TiO,/dye/
electrolyte interface by the pulses, as previously discussed. The
change in Z; and Z; induced by P1, on the other hand, is not
remarkable. The series resistances of the two curves, located at
about 33 Q, were almost unchanged either. Therefore, the
region acted upon by the pulses in the DSSC is essentially at
the TiO,/dye/electrolyte interface.

C2 was tested to investigate the impact of the pulse height by
varying the pulse height. Three double-pulses with pulse heights of
2.5V (P1), 2.8 V (P2), and 3.2 V (P3) were applied to C2 in sequence
and the photocurrent after applying each of them was measured, as
shown in Fig. 4. C2 was kept in the dark initially. When the AM
1.5G radiation was turned on, the photocurrent dropped quickly in
tens of seconds to a stable state and flattened. The measured J.
corresponded to the flat photocurrent. The light was shut down
after about 250 s, when P1 was applied to C1, before the light was
turned on again. Both the initial and the stable photocurrents were
improved, respectively, from before the pulse was applied. Similar
procedures were followed before applying P2 and P3. After P2, the
photocurrent was further improved, where the average transient
current induced by 2.8 V pulses in the dark was up to 55 mA. After
P3, the improvement of photocurrent was even greater: the initial
photocurrent was over 2 mA (17 mA cm™2), and the stable current
was 1.2 mA (10 mA cm™?). With the height of the double-pulse
increased from 2.5 V to 3.2 V, the pulse-induced dark current in C2
increased from 45 mA to 68 mA correspondingly. This experiment
shows that the higher the pulse height, the larger the photocurrent.

As to the impact of the pulse height on 7, J-V was measured
before and after the three double-pulses, and the performance
parameters are shown in Table S2 (ESIf). Several minutes
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Fig. 4 Transient photocurrent curves of C2 under AM 1.5G illumination: before
and after +2.5V (P1), +2.8 V (P2), and +3.2 VV (P3) double-pulses. The average dark
currents induced by each pulse are also shown.

after P3, n decreased from 1.90% to 1.83%. Therefore, C2 was
partially damaged after P1 to P3. After several days, C2 was severely
damaged with n dropping close to 0. The tests carried out on C2
show that higher pulses such as P3 could cause irreversible
damage. For our DSSCs, the dark current during each pulse was
controlled to be below 50 mA by adjusting the pulse height.

To study the long-term stability of such DSSCs, the J-V curves
of C1 and C3 during a long period were recorded. It is well known
that quasi-solid-state DSSCs have a great stability.”>”° In our study,
the well-sealed C1 kept stable for at least 147 days, as shown in
Fig. S2 (ESIT). It was thus difficult to observe any recovery effect by
the pulses. On the other hand, the result implies that the applied
pulses did not deteriorate the performance of C1. The result of C3
is shown in Fig. 5. Since the holes on the counter electrode were not
sealed, C3 degraded rapidly during the first 19 days - all the
4 parameters in Fig. 5b kept dropping from the 5th day to the
19th day. After 19 days, n of C3 dropped from 3.32% to 1.76%,
indicating a loss of 47.0% in n due to degradation. On the 19th day,
P1 was applied to C3. Then a J-V measurement was immediately
performed. Similar to the case of C1, there was a great improve-
ment in J,., which increased # to 3.27%. Meanwhile, V,,. increased
slightly and the fill factor (FF) dropped slightly. After a half day
when C3 reached a stable state,  dropped to 2.30%. This corre-
sponds to a 30.7% of recovery as compared to the degraded #, or a
16.3% of the initial value of # of the fresh C3. Then after another
22 days, n dropped slowly to 1.93%, still greater than the value
before applying P1 (1.76%). These results are consistent with
our previous hypotheses: first, the channel-blocking effect is an
important degradation mechanism in such quasi-solid-state
DSSCs, since it could be recovered by the pulse method;
second, the well-controlled electrical pulses do not damage
the DSSCs. Therefore this pulse method is an effective tool to
recover the degraded quasi-solid-state DSSCs. In such PVDF-
based DSSCs, the electrolyte conducts by the movement of
I'/I;7 ions through the matrix channels formed by PVDF.
One of the probable degradation reasons of such DSSCs is that
some of the ion transport channels are blocked. During the
pulse period, part of the blocked channels may be opened up by
the large current of I' /I3~ ions enforced by the electrical field.
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Fig. 5 (a) Measured J-V curves of C3 during the first 40 days. The holes on the
counter electrode of C3 were not sealed. (b) The corresponding evaluation of the
four photovoltaic performance parameters for 61 days, during which the pulses
were applied twice: on the 19th day and 46th day, respectively.

On the 46th day, the same double-pulse was applied to C3
again, and a similar effect was observed: n increased and
remained stable for the following 15 days. Such repeatability
further proves the significance of this pulse method for recovering
the degraded quasi-solid-state DSSCs. The success of P1 for C3
further shows that well-controlled pulse height would not damage
the cell. During all the 61 days of test shown in Fig. 5b, FF, kept
dropping gradually, and the applied pulses had no positive effect
on it. V. and J,. could be improved by the pulses, and the tendency
of 1 was primarily attributed to Jg, since the change in V,. was not
significant. Overall, n was partially recovered.

The degradation of dyes is a key factor influencing the
stability of DSSCs.*'° Usually such degradation is active when
DSSCs are illuminated and/or heated (typically above 60 °C). In
our study of long-term stability, the DSSCs were mostly kept in
the dark at room temperature except during testing. Therefore
this dye degradation should be limited in our study. The
degradation of the Pt counter electrode could also be another
factor.***® However, the pulse method in this study does not
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have any recovery effect on this kind of degradation. Self-
degradation in quasi-solid-state DSSCs has been reported due
to shrinkage of the polymer electrolytes under a high-humidity
atmosphere.*® The applied pulses could not effectively repair
the shrinkage, and the humidity in our study was not too high.
No obvious shrinkage was observed in our degraded cells.
Nonetheless, the moisture could be one probable factor that
acts onto the inside of the ion-channels and causes the blocking.
More future work is still needed to verify the details in the
channel-blocking process.

5. Conclusion

In conclusion, we have found that applying forward pulsed
biases could effectively recover the degradation of quasi-solid-
state DSSCs. In a long-term j-V measurement, up to 30.7% of
the degraded n was recovered by a well-controlled double-pulse.
The recovery by the application of the pulses could last more
than 28 days. It is believed that the blockage of the ion-
transport channel at the interface of TiO,/dye/electrolyte is an
important factor that causes the degradation, and the applied
pulses could open the blockage to recover the degraded DSSCs.
The recovery of # is mainly from the improvement in the
photocurrent, which could be greatly improved when the height
of the applied double-pulse increases. However, the height of
the double-pulse needs to be well controlled, since the DSSCs
might be damaged if the pulse-induced dark current is too
large. This finding provides not only a practical method to
recover the degraded quasi-solid-state DSSCs, but also an
effective tool to study their degradation mechanism. In the
future, the long-term stability of the well-sealed quasi-solid-
state DSSCs and their degradation mechanism, as well as this
approach of ours using forward biased pulses to recover the
degraded #, will be further investigated.
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