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Photo-self-charging cells (PSCs) are compact devices with dual functions of photoelectric
conversion and energy storage. By introducing a scattering layer in polymer-based quasi-solid-state
dye-sensitized solar cells, two-electrode PSCs with highly compact structure were obtained. The
charge storage function stems from the formed ion channel network in the scattering layer/polymer
electrolyte system. Both the photoelectric conversion and the energy storage functions are inte-
grated in only the photoelectrode of such PSCs. This design of PSC could continuously output
power as a solar cell with considerable efficiency after being photo-charged. Such PSCs could be
applied in highly-compact mini power devices. © 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4914585]

Hybridization of photoelectric conversion and energy
storage functions in devices has attracted great attentions in
recent years due to the increasing demand of renewable
energy around the world and the miniaturization and multi-
functionalization in electronics industry.'™'* Typically, such
photo-self-charging cells (PSCs) consist of two independent
sections, a solar cell and a supercapacitor/lithium ion battery.
Thus, there were three electrodes in these PSCs.'™" Another
type of PSCs could be regarded as simplex devices, since
they contain only two electrodes: One is for solar energy
conversion (photoelectrode) and the other is for energy stor-
age (counter electrode, CE).S‘13 Traditional two-electrode
PSCs could not provide continuous power output after being
fully charged under steady illumination, since the photo-
generated charges are depleted to charge the energy storage
section.®!® In our previous work, a new type of two-
electrode PSC based on dye-sensitized solar cells (DSSCs)
was reported with both good photo-to-electric conversion ef-
ficiency (1) and energy storage capacity via introducing
composited ZnO/polyvinylidene fluoride (PVDF) nanostruc-
ture in CE.'? The polymer/nanostructured oxide system
could possess energy storage capability while allowing the
passage of carriers through the structure. The energy storage
performance of PSCs depends heavily on the functionaliza-
tion of CEs. So far, all PSCs rely on functionalized CEs for
energy storage. In this study, we realized even more compact
two-electrode PSCs by integrating both the solar energy
conversion and the energy storage functions to the photo-
electrode. Polymer-based DSSCs are one kind of popular
quasi-solid-state DSSCs owing to their excellent characteris-
tics such as easy fabrication, low cost, good stability, and
flexibility.'*2° Although scattering layer is not usually
applied in such cells due to the reduction of electron trans-
port, our findings show that adding a scattering layer of large
TiO, nanoparticles in a polymer-based quasi-solid-state
DSSCs could form scattering layer/polymer matrix structure
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for energy storage. There was no additional structure for
energy storage on the CE of such PSC. Experimental results
showed that such PSC could operate as a solar cell under
illumination, while some of the charges are stored. After the
light source was removed, the stored charges could be out-
putted in current. We proved that the scattering layer/poly-
mer electrolyte in connection with the TiO, active layer
plays the role of storing charges when the light source is
turned off.

As shown in Fig. 1(a), three cells were fabricated in this
study (C1, C2, and C3). Each of the cells consisted of three
components: a photoelectrode, a CE, and electrolyte. For the
photoelectrode, 8-um-thick TiO, photoactive layer was de-
posited onto a conductive fluorine-doped tin oxide (FTO)
glass substrate using a screen printing method?' with a paste
composed of 15-20nm TiO, particles, before sintering at
500°C for 1h. The area of the active region on the FTO
glass was 0.12 cm?. In the two cells C1 and C2, a 2-um-thick
TiO, scattering layer composed of 50-100 nm TiO, particles
was deposited on top of the TiO, photoactive layer, followed
by sintering at 500 °C for 1 h. After being dipped into 0.05 M
TiCl, aqueous solution at 70 °C for 30 min, all three photo-
electrodes were sintered at 450 °C for 30 min before being
cooled down to 120°C and soaked into the dye solution
[0.3mM N719 in acetonitrile/tertbutanol, v:v = 1:1] for 24 h.
The CEs in the three cells were the same: Pt-coated FTO
with two drilled holes for injection of the electrolyte. The
photoelectrode of C2 was dip-coated with a quasi-solid-state
electrolyte [0.1 M Lil, 0.05M I,, 0.6 M 1,2-dimethyl-3-pro-
pylimidazolium iodide, and 2 wt. % poly(vinylidenefluoride-
co-hexafluoropropylene) (PVDF-HFP) (Mw =455,000) in
acetonitrile/dimethyl sulfoxide (v:v=4:1)], before being
dried on a hot plate at 40°C for 10 min. All three photo-
electrodes were sealed with CEs, respectively, using 25-um-
thick surlyn as spacers. After this step, C1 and C3 were filled
with the same quasi-solid-state electrolyte as above. The
electrolyte solution was repeatedly injected into the space
between the photoelectrodes and the CEs and dried on the
hot plate at 40 °C until the porous nano-TiO, was fully filled

© 2015 AIP Publishing LLC
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FIG. 1. (a) Schemes of the device structure of the three types of cells in this
study. Cell CI contains scattering layer and quasi-solid electrolyte; cell C2
contains quasi-solid electrolyte filled scattering layer and liquid electrolyte;
cell C3 contains quasi-solid-state electrolyte but no scattering layer. (b)
Charging process in the polymer electrolyte/scattering layer: part of I3~ and
1" ions are trapped while the other I;~ and I ions transport through the scat-
tering layer for photo-to-electric conversion.

and the solvent was sufficiently removed, before the holes in
the CEs were finally sealed. For C2, a liquid electrolyte
[0.1M LilI, 0.05M I, and 0.6 M 1,2-dimethyl-3-propylimi-
dazolium iodide in acetonitrile] was filled before the holes in
the CE were sealed.

The polymer electrolyte filled the spaces in the scatter-
ing layer, which was formed by larger TiO, particles. As is
well known, the polymer could form a matrix in the quasi-
solid electrolyte to provide the transport paths for ions.”*??
The contact between the polymer matrix and the surface of
the large TiO, nanoparticles in the pores of the scattering
layer could form some cavities to hold I" ions for energy
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storage. When a DSSC is illuminated, the Is~ ions are con-
verted to I ions at the CE via the reaction

Iy +2¢ — 3. (1

The generated 1™ ions at the CE then diffuse towards the
photoelectrode through the electrolyte. Meanwhile, the I
ions are converted back to I3~ ions to provide electrons to
the oxidized dyes (S™) in the photoactive layer region via the
reaction

3T +25T = I3 + 28, ()

where S is the regenerated ground state of the dyes. The gen-
erated I3~ ions then diffuse towards the CE through the
electrolyte. When the ions reach the steady state, the distri-
butions of I3~ and I along the cell are: the I3~ ions are con-
centrated in the photoactive layer region, while the I ions
are concentrated in the electrolyte region. In a PSC, while
most of the I3~ and 1™ ions transport through the polymer
electrolyte/scattering layer in the two opposite directions,
some of them could be adsorbed and trapped in the matrix
structure, as shown in Fig. 1(b). The adsorbed I3~ ions could
not reach the pure electrolyte region while the adsorbed 1™
ions could not reach the photoactive layer region. However,
the ion distribution states are almost the same as those in a
DSSC with light on. After the light is turned off, each of the
I3~ and I concentrations in DSSC reaches an equilibrium
state across all the regions via the recombination process. On
the contrary, in the PSC, the adsorbed I3~ and I in the scat-
tering layer region maintain their respective distributions
even after the light is turned off. When the PSC is short-
circuited, the I" ion concentration difference between the
photoactive layer region and the pure electrolyte region
could force I to diffuse towards the CE and to be oxidized
back to 157,

3 I + 2e. 3)

The generated electrons could then transport through the
external circuit to the photoelectrode. This is the main mech-
anism of the charging and discharging of the polymer elec-
trolyte/scattering layer and the reversal of the current after
the light is turned off. An important criterion for the
adsorbed ions to realize the energy storage function is that
the recombination paths from I to dye/TiO, are blocked via
the polymer matrix.

The transient curves of charging-discharging current and
discharging voltage (V-t, J-t) of the cells were measured by an
Agilent 34411 A 61/2 digital multimeter, and the results are
plotted in Figs. 2(a) and 2(b). The cells were illuminated
under AM 1.5 G for 2 minutes before the light was shut down
for discharging: in short-circuit for J-#, and through a 1 MQ
resistor for V-t. After photo-charging, each of the discharging
curves of C1 and C2 showed a reversed direction of current,
indicating a charging-discharging process occurring. For C3,
the current rapidly dropped to zero without reversal after the
light was shut down. This pure quasi-solid-state DSSC with-
out scattering layer thus did not show any energy storage
function because only forward recombination current was
observed. Therefore, the scattering layer in the quasi-solid
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FIG. 2. (a) J-t curves of Cl, C2, and C3, discharged in short circuit. The
inset: discharge curves zoomed in. (b) V-t curves of C1 and C2, discharged
through a 1 MQ resistor. For both the /-t and V-7 curves, the cells were illu-
minated under AM 1.5G for 2 min before the light was shut down for
discharging.

electrolyte played an important role for the energy storage.
Fig. 2(b) shows the discharging voltage transient curves of C1
and C2. For each of these two cells, the voltage polarity was
reversed with respect to the photovoltage when the discharg-
ing began, indicating that the discharging voltage came from
the photo-charged section. As shown in Fig. 1(a), the
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FIG. 3. J-V curves of C1, C2, and C3 under AM 1.5G.
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TABLE I. Performance parameters of the three cells.

Voc Je n Stored charge

Samples V) (mA cm™?) FF (%) density (Cg™")
Cl 0.63 8.84 0.653  3.64 0.653

2 0.62 14.5 0.642 578 0.442

C3 0.69 11.0 0.553 419

photoelectrode of C2 was filled with quasi-solid electrolyte,
and the space between the photoelectrode and the CE was
filled with liquid electrolyte. Hence, this CE did not contribute
to any energy storage since there was no polymer in contact
with CE. This result further proves the energy storage ability
of the scattering layer in quasi-solid-state electrolyte. In the
scattering layer, the pure energy storage material is the dielec-
tric polymer matrix in the pores formed by the large TiO, par-
ticles."*'* The charge-storage densities of C1 and C2 were
calculated to be 0.653C g~ ' and 0.442C g™, respectively, by
integration of their reverse J-t curves over the mass of the
polymer electrolyte in the scattering layer. The energy storage
level of the two cells is comparable with that of previously
reported two-electrode PSCs which were based on ZnO/
PVDF nanostructure in CE."?

The photocurrent density-voltage (J/-V) curves of the
three cells were measured under AM 1.5G simulated solar
illumination after they were sufficiently illuminated, and the
results are shown in Fig. 3. All the J-V parameters are shown
in Table I. The PSCs C1 and C2 still kept a high photo-to-
electric conversion performance after they were charged.
Because of the matrix network of ion paths formed by the
polymer, the operations of photo-to-electric conversion and
charge storage could proceed separately with limited interac-
tion. The performance of C2 is even greater than the pure so-
lar cell C3, since the main component of the electrolyte in
C2 is liquid. Comparing with traditional quasi-solid-state
DSSC C3, the V. of PSCs C1 and C2 is reduced due to the
stored charges. C1 shows both considerable n of 3.64% and
energy storage capacity of 0.653C g~ .

In conclusion, we realized two-electrode PSCs with
highly compact structure based on quasi-solid-state DSSCs
and energy-storage-functionalized scattering layer/polymer
electrolyte. Both the photoelectric conversion and the energy
storage functions could be integrated in the photoelectrode.
By replacing the quasi-solid electrolyte between the scatter-
ing layer and the CE with liquid electrolyte, it was proved
that the energy storage function came from the scattering
layer/polymer electrolyte structure. This device possessed
both considerable 1 of 3.64% and charge storage density of
0.653 C g~'. Such PSCs with highly-compact structure could
play a key role in mini electronic devices with multiple func-
tions. In our future work, energy storage capacity could be
improved by optimizing the thickness and structure of the
scattering layer, and exploring new types of electrolyte.

This work was supported by the U.S. National Institutes
of Health (Grant No. 1DP20D008678). This research
utilized NSF supported shared facilities at the University of
Wisconsin. The authors thank Dr. X. Huang for technical
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