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It was observed that the ionic conductivity of the solid-state electrolyte LiI/3-hydroxypropionitrile (HPN))
1:4 (molar ratio) decreased dramatically with increasing iodine (I2) concentration, which differs from the
conduction behavior of the Grotthuss transport mechanism observed in liquid or gel electrolytes. The short-
circuit photocurrent density (Jsc) of the dye-sensitized solar cell (DSSC) based on this electrolyte system
increases with increasing I2 concentration until LiI/I2 is 1:0.05 (molar ratio). Beyond this limitation, theJsc

decreases. At low I2 concentrations (I2/LiI e 0.05), theJsc is mainly affected by the diffusion of I3
-. An

increase of the I2 concentration leads to the enhancement of the diffusion of I3
- and an increase of theJsc. At

high I2 concentrations (I2/LiI > 0.05), the factors, including the increased light absorption by the I3
-, the

increased recombination of electrons at the photoanode with I3
-, and the reduced ionic conductivity of the

electrolyte, lead to a decrease ofJsc. At the same time, the open-circuit voltage (Voc) of the DSSC decreases
monotonically with the ratio of I2/LiI due to increased dark current in the DSSC. The increased absorption
of visible light by the electrolyte, the enhanced dark current, and the reduced ionic conductivity of the electrolyte
contribute to the performance variation of the corresponding solid-state DSSC with increasing I2 concentration.

Introduction

Dye-sensitized solar cells (DSSCs) have been attracting much
attention because of their low cost, ease of fabrication, high
light-to-electricity conversion efficiencies, and environmentally
friendly properties. A light-to-electricity conversion efficiency
of more than 11% was achieved in a liquid-electrolyte-based
DSSC.1-3 To avoid the leakage and evaporation of the organic
solvents, many efforts have been made in developing solid or
polymer electrolytes.4-12 Recently, a series of solid electrolytes
based on lithium iodide (LiI) and 3-hydroxypropionitrile (HPN)
were found in this group.13-15 LiI and HPN can form a
compound LiI(HPN)2 (space group,C2/c; Tm ) 142°C). It has
the feature of monoionic transport of I- along three-dimensional
(3D) diffusion paths in the crystal. LiI(HPN)4 shows the highest
ionic conductivity in this series of solid electrolytes. And a
DSSC using LiI(HPN)4 containing 15% nanosized SiO2 achieved
a high light-to-electricity conversion efficiency of 5.48% under
the illumination of 100 mW cm-2 (AM 1.5).

It is well-known that I2 exists in the electrolyte containing
iodide in the form of polyiodides such as I3

- or I5- (eq 1). An
efficient transport of iodide and triiodide in the electrolyte is
necessary for good performance of the DSSC because the
oxidized state of the dye (dye+) should be regenerated by I-

ions efficiently after the electrons from the excited state of the
dye are injected into the conduction band of TiO2 under
illumination (eq 2) to reduce the back reactions in the DSSC.
Meanwhile, the electrons accumulated at the counter electrode
by the external circuit will lead to concentration overpotentials
for the electrolyte at the electrode and loss of energy of the

DSSC if the electrons are not transferred by I3
- efficiently (eq

3).

The introduction of I2 into liquid or gel electrolytes could
increase the conductivity of the electrolyte via a Grotthuss-type
charge carrier exchange transfer mechanism.16-18 However, the
increasing content of I2 (or I3-) leads to enhanced light
adsorption even in the visible range by the electrolyte.19

Therefore, an optimized ratio of I2/LiI is necessary to achieve
better performance of a DSSC. To our knowledge, the influence
of the addition of I2 on the conductivity behavior of the solid
electrolyte and the performance of the corresponding DSSC is
rarely reported. In this paper, the effects of I2 addition on the
ionic conductivity of the solid electrolyte LiI/HPN) 1:4 (molar
ratio) and the performance of the corresponding DSSC are
investigated. It is observed that the light-to-electricity conversion
efficiency (η) of the DSSC based on the solid-state electrolyte
LiI/HPN ) 1:4 increases with increasing I2 concentration until
I2/LiI ) 0.05. Beyond this value, theη decreases due to the
enhancement of dark current in the device, the increase of light
absorption by the electrolyte, and the decrease of the ionic
conductivity of the solid-state electrolyte LiI/HPN) 1:4.

Experimental Section

Sample Preparation.Anhydrous LiI (99%, Acros Organics)
and 3-hydroxypropionitrile (HPN, 98%, Acros Organics) were
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I- + I2 T I3
- + I2 T I5

- (1)

3I- + 2dye+ f I3
- + 2dye (TiO2 electrode) (2)

I3
- + 2e- T 3I- (counter electrode) (3)
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transferred into a glovebox (MBraun) filled with pure argon
and used without further treatment. Iodine (I2, >99.8%, Beijing
Yili Organics Company, China) was used as received. Dimethyl
carbonate (DMC) and propylene carbonate (PC, battery grade)
were employed as solvents. A mixture of LiI, HPN, and I2 with
the required molar ratio was melted and then stirred vigorously
to form a homogeneous composite in the glovebox.

Nanocrystalline TiO2 film was fabricated by a screen-printing
technique. The TiO2 (P25) paste was deposited on a conducting
glass substrate (F-doped SnO2, 10 Ω/0), followed by sintering
at 450°C for 30 min. The thickness of the film was 10µm.
The TiO2 film was preheated at 120°C for 30 min before it
was immersed into the solution of the dyecis-dithiocyanate-
N,N′-bis(4,4′-dicarboxylate-2,2′-bipyridine) ruthenium(II) (So-
laronix) with a concentration of 3× 10-4 M in dry ethanol
overnight. The TiO2 film covered with the dye was rinsed with
dry ethanol before being assembled into a DSSC.

To import the electrolyte into the pores of the TiO2 film and
ensure good wettability of the TiO2 film with the solid
electrolyte, in our experiment, 0.75 g of solid electrolytes with
LiI/HPN/I2 ) 1:4:x (0 e x e 0.1) were dissolved into 6.0 mL
of a cosolvent of DMC+ PC (4:1, v/v) in advance. The
electrolyte solution was dripped onto the dyed TiO2 film. Then
the solvent was removed under vacuum conditions. Finally, a
sandwich-type DSSC configuration was fabricated by holding
the thermally platinized indium tin oxide (ITO) counter electrode
together with the TiO2/electrolyte with two clips. The measure-
ments were performed in air. It should be noted that no 4-tert-
butylpyridine was added into the electrolyte.

Measurements. X-ray diffraction (XRD) data for the elec-
trolytes were collected with a Rigaku B/max-2400 (Cu KR).
Raman spectra of the electrolytes were recorded with a JY-T
64000 Raman spectrometer equipped with a diode laser (λ )
532 nm) with the power on the sample surface below 5 mW
(scan time, 400 s; resolution, 4 cm-1). UV-vis spectra of the
electrolytes were detected by a Shimadzu UV-2550. The solid
electrolyte was dissolved in PC solvent for this measurement.

Photoenergy conversion efficiency of the DSSC was evalu-
ated by using a solar light simulator (Oriel, 91192) as the light
source and a computer-controlled potentiostat (Princeton Applied
Research, model 263A). The light intensity at the surface of
the cell was modulated by altering the distance between the
cell and the simulator to determine the dependence of the short-
circuit photocurrent density (Jsc) of the DSSC on the radiant
power (P). The intensity of the incident light was measured
before each experiment with a radiant power/energy meter
(Oriel, 70260). All of the measurements mentioned above were
taken at 25°C.

The ionic conductivity of the solid electrolyte (LiI/HPN/I2

) 1:4:x) was determined with an alternating current (AC)
impedance technique on an HP 4192A impedance analyzer from
5 Hz to 13 MHz between 20 and 50°C. The solid electrolyte
was melted before a “stainless steel/electrolyte/stainless steel”
type cell was assembled in dry argon. The complex AC
impedance spectra were analyzed with the Zview program from
Solartron, Inc.

Results and Discussion

X-ray Diffraction Data and Raman Spectra. According to
the phase diagram of the binary system LiI/HPN,13 the
electrolyte becomes solid when the ratio of LiI to HPN is beyond
1:4. The XRD pattern of LiI/HPN) 1:4 at room temperature
shows that this solid contains the phase of LiI(HPN)2 as shown
in Figure 1. Although the microstructure of LiI/HPN) 1:4 is

still not clear, it can be supposed that excess 2 mol of HPN in
LiI/HPN ) 1:4 may exist as the amorphous phase around LiI-
(HPN)2 crystal regions. (See hump background in LiI/HPN (1:
4) in Figure 1.)

Figure 2 shows the Raman spectra of LiI/HPN) 1:4 with
different ratios of I2/LiI. No apparent Raman peak can be
distinguished between 50 and 300 cm-1 for the electrolyte LiI/
HPN ) 1:4 before I2 is added (curve a). The Raman peaks
corresponding to the I3

- and I5- appear even if trace amounts
of I2 are introduced into the electrolyte. For the electrolyte
LiI/HPN/I2 ) 1:4:0.005, a band at 113 cm-1 (overtone at 226
cm-1) is assigned to the symmetric stretch of I3

-.20 Meanwhile,
another band at 146 cm-1 is assigned to the stretch of I5

-.21

The relative intensities of I3
- and I5- increase with increasing

I2 concentration. I3- and I5- cannot stay in the lattice of the
LiI(HPN)2 crystal due to its space limitation. Therefore, we
suppose that I3

- and I5- may exist at the grain boundaries
between the LiI(HPN)2 phase and the HPN phase after the
addition of I2.

Current -Voltage Characteristics. Figure 3 shows the
photocurrent-voltage curve of the DSSC fabricated with the
solid electrolyte LiI/HPN/I2 ) 1:4:x (0 e x e 0.1). The
dependence ofJsc, Voc, the light-to-electricity conversion ef-
ficiency (η), and the fill factor (FF) on the I2 concentration is
shown in Figure 4. It is observed that theJsc increases from
3.85 to 6.87 mA cm-2 when the ratio of I2/LiI ( x) increases
from 0 to 0.05 (Figure 4a). (Here, the ratio value 0 means that
no I2 is added into the electrolyte. The I3

- can be formed due
to oxidation of I- by dye+ in the operation of the DSSC.15)
Further increasing the I2 concentration leads to a decrease of
the Jsc. Whenx increases to 0.1, theJsc decreases to 5.5 mA

Figure 1. X-ray diffraction pattern of the electrolyte LiI/HPN) 1:4
and LiI/HPN ) 1:2 (molar ratio).

Figure 2. Evolution of Raman spectra of LiI/HPN/I2 ) 1:4:x (molar
ratio) with changing content of I2: (a) x ) 0, (b) x ) 0.005, (c)x )
0.01, (d)x ) 0.02, (e)x ) 0.05, (f) x ) 0.1.
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cm-2. In contrast, theVoc decreases gradually with increasing
I2 content in the electrolyte. The FF of the sample with low
initial I 2 content is poor due to the severe concentration
polarization at the counter electrode.22 With the increase of the
I2 concentration in the electrolyte, the FF increases to a steady
value until the ratio of I2/LiI reaches 0.02 (Figure 4d). A
maximum output of 1.5% is obtained from the DSSC fabricated
with the solid-state electrolyte LiI/HPN/I2 ) 1:4:0.05 (Figure
4c).

For the DSSC based on the solid electrolyte LiI/HPN) 1:4,
the Voc decreases significantly from 0.440 to 0.348 V as the
ratio of I2/LiI increases from 0 to 0.1 (Figure 4b). This can be
understood according a theoretical consideration2

wherek is the Boltzmann constant,T is the absolute temperature,
e is the electric charge,I inj is the incident photo flux,ncb is the
concentration of electrons at the TiO2 surface, andket is the
rate constant for the back electron reaction.

The photovoltage of a DSSC is kinetically limited by the dark
reaction occurring in the photoelectrochemical system (eq 4),
23,24 where the electrons from the conduction band of TiO2

recombine with the oxidized species (here, it is I3
-) of the redox

couple. An increase of the I2 content leads to an increasing

concentration of I3- and an increase of the rate constant for the
back electron reaction; thus, the dark current reaction in a DSSC
increases. As a result, theVoc decreases.

Besides the electron-transfer/transport rate at the TiO2 anode
of a DSSC,Jsc is also determined by two other factors. One is
the transport of I-/I3

- ions in the porous TiO2 film and in the
bulk electrolyte; the other is the electron-transfer process at the
counter electrode. In general, when the I2 content in the
electrolyte is very low, the transport of I3

- in the porous TiO2
film and in the electrolyte is very poor, and I3

- cannot effectively
maintain fast electron transfer at the counter electrodes.
Consequently, theJsc of the DSSC appears to saturate with
increasing radiation power density. In this situation,Jsc is mainly
limited by the mass transport of I3

- in the electrolyte system.22

Figure 5 shows the effect of the irradiant power on theJsc of a
DSSC with LiI/HPN/I2 ) 1:4:x (0.01 e x e 0.1) as the
electrolyte. At low concentrations of I3

- (x e 0.02), theJsc

increases linearly withP at low radiant power (P < 15 mW
cm-2), and it tends to saturate at high radiant power. The lower
the initial content of I2 in the electrolyte, the more theJsc-P
relationship deviates from linearity. This indicates that theJsc

of the DSSC is limited by the diffusion of I3
- in this situation.

At high I3- content (x g 0.05), theJsc tends to vary linearly
with P at both low and high radiant powers, indicating that mass
transport does not limit theJsc. Furthermore, it can be seen in
Figure 5 that under low radiant power theJsc of the DSSC based
on the electrolyte with low I2 content is higher than that with
high I2 content. This fact indicates that a small amount of I3

-

is sufficient for supporting fast electron transfer at low radiant
power (P e 20 mW cm-2), while the increase of the dark current
causes the decrease of theJsc in the case of a high concentration
of I3

-.
A clear understanding of Figure 5 requires the investigation

of the transport properties and the adsorption behavior of this
electrolyte as shown below.

Ionic Conductivity Investigation. Figure 6 illustrates the
Arrhenius plots of the ionic conductivity of the electrolytes LiI/
HPN ) 1:4 with different I2 concentrations. Figure 7a shows
the dependence of the conductivity of LiI/HPN on the I2 content
at 25°C. The conductivity of the electrolyte without I2 is 1.4
× 10-3 S cm-1 at 25 °C. It increases to 1.7× 10-3 S cm-1

whenx is 0.01. However, the conductivity decreases gradually
when the I2 content is further increased. Atx ) 0.1, the

Figure 3. Photocurrent-voltage curve of the DSSC with LiI/HPN/I2

) 1:4:x (molar ratio) employed as the electrolyte: (a) no I2 added, (b)
x ) 0.01, (c)x ) 0.02, (d)x ) 0.05, (e)x ) 0.1.

Figure 4. Variation of (a) short-circuit photocurrent densityJsc, (b)
open-circuit voltageVoc, (c) light-to-electricity conversion efficiency
η, and (d) fill factor (FF) with the ratio of I2/LiI in the electrolyte LiI/
HPN ) 1:4.

Voc ) (kT/e) In(I inj/(ncbket[I 3
-]))

Figure 5. Effect of incident intensity (P) on Jsc of a DSSC fabricated
with solid-state electrolyte LiI/HPN/I2 ) 1:4:x (molar ratio): (1) no I2
added, (2)x ) 0.01, (3)x ) 0.02, (4)x ) 0.05, (5)x ) 0.1.

I3
- + 2e- (TiO2 CB) f 3I- (4)
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conductivity decreases to 8× 10-4 S cm-1. This behavior is
obviously different from the Grotthus-type charge carrier transfer
mechanism, where the ionic conductivity of the electrolyte
increases with increasing I2 concentration in a range of 0-2
M.18

As mentioned above, I2 exists in the form of polyiodides (I3
-

and I5-) by reaction with I- in the solid electrolyte. The total
charge carriers are kept unchanged in the electrolyte system with
addition of I2. It is known that the diffusion coefficients of
polyiodides are lower than that of monoiodide due to the larger
ionic radius of the former even in liquid electrolyte.16 It is
reasonable that the mobility of I3

- and I5- is very low in the
solid electrolyte. I3- and I5- cannot form a continuous bridge
for charge transfer as in a liquid system. The ionic conductivity
is in proportion to the free ion concentrations and their mobility.
The addition of I2 leads to the increase of the slow charge
carriers in the electrolyte. Consequently, the conductivity
decreases.

The slight increase of the ionic conductivity of LiI(HPN)4

when introducing I2 into it (x e 0.01) may come from the
decrease of the viscosity of the electrolyte due to the existence
of a small amount of HPN in the electrolyte, which leads to the
enhancement of the mobility of the ions. However, it is difficult
to measure the viscosity of the electrolyte directly because it
exists in a solid state. To understand this, a comparison
experiment was performed. An electrolyte LiI/HPN) 1:4
containing SiO2 nanoparticles (15-25 nm, 10 wt %) was
prepared. It was observed that the ionic conductivity of the
composite electrolyte remained unchanged even at low I2 content
(I2/LiI e 1:50; σ ) 2.05-2.1 × 10-3 S cm-1) (Figure 7b). At
high I2 concentrations, the conductivity of the composite
electrolyte decreased significantly, consistent with the conduc-
tion behavior of LiI/HPN) 1:4. The result indicates that the
conduction behavior of the solid electrolyte does not obey the
Grotthus mechanism.

UV-Vis Spectra.The absorption of light by the electrolyte
LiI/HPN ) 1:4 with different I2 contents was measured by UV-
vis spectroscopy (Figure 8). The inset in Figure 8 is the UV-
vis spectra of the samples in the range from 350 to 700 nm.
The peak at 226 nm belongs to the absorption of I-.25 The
absorption peak at 253 nm red-shifts and becomes a shoulder
of the peak at 292 nm gradually, and its intensity increases with
increasing I2 concentration. This peak should come from the
interaction of I- with the PC molecule because a similar
absorption peak located at 238 nm was also observed in the
KI/PC system (0.3 mM KI in PC). It was observed that two
typical absorption peaks of I3

- appear at 363 and 292 nm19 in
LiI/HPN ) 1:4 before any addition of I2 into the electrolyte
(curve 1). Their intensities grow with time. A similar phenom-
enon was also observed in the freshly prepared liquid electrolyte
LiI/HPN ) 1:10 (not shown). However, no absorption peak of
I3

- was observed in the freshly prepared LiI/PC solution.
Therefore, the formation of I3

- in the LiI/HPN system without
the addition of I2 should result from an interaction between I-

and the HPN molecule. It was reported that I- tended to become
I3

- in the solution oftert-butyl alcohol or pyridine.25 The reason
was not explained there. We suppose here that I- is oxidized
by HPN in our system. The detailed reaction mechanism requires
further clarification.

The relative intensity of the absorption peak at 292 nm in
the spectrum increases with increasing I2 concentration. Addition
of a small amount of I2 leads to a red-shifting of the peak at
363 nm. When the concentration of I2 in the LiI(HPN)4/PC
solution reaches 25 mM, the absorption of light by the electrolyte
solution extends even beyond 600 nm (curve 5). A similar
phenomenon has been reported in other systems.18,26However,

Figure 6. Arrhenius plots of LiI/HPN ) 1:4 with different I2
concentrations.

Figure 7. Dependence of the conductivity of the electrolyte (a) LiI/
HPN) 1:4 and (b) LiI/HPN) 1:4 with 10 wt % SiO2 on the I2 content
at 25°C.

Figure 8. UV-vis spectra of LiI/HPN) 1:4 at different I2 contents:
(1) no I2 added (solid line), (2) 0.1 mM I2 (dashed line), (3) 0.5 mM
I2 (solid line), (4) 1.0 mM I2 (dash-dot line), (5) 25 mM I2 (solid
line).
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this part of the absorption does not contribute to the net output
current of the DSSC. Meanwhile, the increase of the I3

-

concentration in the electrolyte results in an increasing dark
current of the DSSC.26 The dark current influences theVoc of
the DSSC as discussed above. Due to the decrease of the ionic
conductivity of the electrolyte and the increase of the absorption
of the electrolyte of visible light with increasing I2 concentration,
Jscof the DSSC decreases when I2 content is beyond a limitation.
Considering the dependence ofJsc andVoc on the I2 content as
discussed above, a maximum light-to-electricity conversion
efficiency of 1.5% was achieved for an LiI/HPN/I2 ) 1:4:0.05
solid-state DSSC.

Conclusions

The ionic conductivity of the solid-state electrolyte LiI/HPN
) 1:4 decreases dramatically with increasing I2 concentration.
The low mobility of polyiodides such as I3

- and I5- contributes
to the variation of the ionic conductivity of the electrolyte after
I2 is added. The open-circuit photovoltage (Voc) of the DSSC
assembled with LiI/HPN/I2 ) 1:4:x (molar ratio) decreases
monotonically with increasing I2 content due to the increase of
the dark current in the device. The short-circuit photocurrent
density (Jsc) of the corresponding DSSC initially increases, then
begins to decrease with increasing I2 concentration.Jsc is affected
by several factors. At low I2 (I3

-) content, theJsc is mainly
controlled by the diffusion of I3- in the DSSC. Increasing I2

content leads to an increase ofJsc. However, the ionic
conductivity of the electrolyte, the absorption of visible light
by the electrolyte, and the dark reaction in the DSSC also
increase with increasing I2 concentration, which reduces theJsc.
As a result of the above factors, a maximumJsc is achieved at
I2/LiI ) 0.05. A 1.5% of light-to-electricity conversion ef-
ficiency of the solid-state DSSC is obtained at the optimum
ratio of LiI/HPN/I2 ) 1:4:0.05 under the radiation of 100 mW
cm-2 (AM 1.5).
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