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ABSTRACT: Layered double hydroxides (LDH), a class of anionic clay
materials, were developed as an effective additive for polymer gelled
electrolytes for use in dye-sensitized solar cells (DSSC). Carbonate and
chloride intercalated Zn-Al LDHs, ZnAl-CO3 LDH, and ZnAl-Cl LDH
were prepared with coprecipitation methods. The addition of the two
LDHs significantly improved, in terms of power conversion efficiency
(PCE), over the plain poly(vinylidene fluoride-co-hexafluoropropylene)
(PVDF-HFP) gelled electrolyte and competed favorably with the liquid
electrolyte based DSSCs, 8.13% for the liquid electrolyte, 7.48% for the
plain PVDF-HFP gelled electrolyte, 8.11% for the ZnAl-CO3 LDH/
PVDF-HFP gelled electrolyte, and 8.00% for the ZnAl-Cl LDH/PVDF-
HFP gelled electrolyte based DSSCs. The good performance in PCEs
achieved by the LDH-loaded DSSCs came mainly from the significant
boost in open circuit voltages (Voc), from 0.74 V for both the liquid electrolyte and PVDF-HFP gelled electrolyte based DSSCs
to 0.79 V for both the ZnAl-CO3 LDH/PVDF-HFP and ZnAl-Cl LDH/PVDF-HFP gelled electrolyte based DSSCs. The boost
in Voc was contributed mainly by the positive shift in redox potential of the redox couple, I−/I3

−, as revealed from cyclic
voltammetry analyses. As for the long-term stability, PCE retention rates of 96 and 99% after 504 h were achieved by the ZnAl-
CO3 LDH/PVDF-HFP and ZnAl-Cl LDH/PVDF-HFP gelled electrolyte based DSSCs, respectively, appreciably better than
92% achieved by the liquid electrolyte based one after 480 h.
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1. INTRODUCTION

Dye-sensitized solar cells (DSSC) continue to draw a great deal
of research attention as a promising alternative clean energy
device because of the simplicity and low cost involved in the
manufacturing process and the reasonable power conversion
efficiency (PCE) achieved. The boost in PCE to a record high
of 13% reported by Mathew et al.1 in 2014 makes DSSCs even
more competitive. One of the key issues yet to be fully resolved
is the volatility, leakage, and poor long-term stability associated
with the use of liquid electrolytes in DSSCs. Intensive and
extensive research efforts have been devoted to the develop-
ment of gel or solid electrolytes to tackle the issue. One of the
key issues for the development of gel or solid electrolytes is to
lessen the drop in the power conversion efficiency caused by
the reduced ionic mobility in gel or solid electrolytes.
For solid electrolytes, the poor electrode contact and pore-

filling ability at the electrolyte/electrode interface often
hampers the boost in PCE.2−5 Even if high PCEs can
sometimes be achieved, the reliability and consistency of the
cell performance are of great concern. Gel electrolytes, on the
other hand, possess the advantages of low volatility and
superior long-term stability as compared with liquid electro-
lytes, and of good electrolyte/electrode contacts as compared
with solid electrolytes.2,6−20 In the past few years, use of
polymer gelled electrolytes containing performance boosting

additives has been a promising approach.6−8,16−20 Particularly,
clay materials, because of their high chemical stability, ion
exchange ability, and natural abundance, have been a popular
candidate as the additive.2 Tu et al. composited exfoliated
montmorillonite with poly(n-isopropylacrylamide) (PNI-
PAAm) to gel the electrolyte. The inclusion of the exfoliated
montmorillonite reduced the charge transport/transfer impe-
dances of the cell, leading to a PCE improvement from 3.17 to
5.4% as compared with the plain PNIPAAm gelled electrolyte
based DSSC.6 Geng et al. found that addition of montmor-
illonite to poly(ethylene oxide) (PEO) gelled electrolytes can
efficiently retard the charge recombination that occurs at the
TiO2/dye/electrolyte interfaces.

7 Lai et al. used poly(vinylidene
fluoride-co-hexafluoropropylene) (PVDF-HFP) gelled electro-
lytes with mica nanoparticles as the additive to reduce the
crystallinity of the polymer, leading to a higher PCE from 3.5 to
5.7% at a mica loading of 3 wt %.8

In addition to clay materials, carbonaceous materials,
including graphene, graphene oxide, graphite, and multiwalled
carbon nanotubes, conducting polymers, such as polyaniline
and polypyrrole, and mesoporous silica nanoparticles have also
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been tested as effective additives for gel electrolyte DSSCs.16−20

Yuan et al. developed a freeze-dried microporous polyacrylate−
poly(ethylene glycol) (PAA-PEG) matrix to host conducting
graphene, graphene oxide, and graphite to enhance the loading
and ionic conductivity of the electrolyte. The DSSCs fabricated
using the PAA-PEG/graphene, PAA-PEG/graphene oxide, and
PAA-PEG/graphite composites as the gel electrolyte showed
PCEs of 7.74, 6.49, and 5.63%, respectively, significantly higher
than 5.02% obtained by a plain PAA-PEG based DSSC.16 The
same idea was also applied to conducting polymer systems,
including polyaniline and polypyrrole, by Yuan et al. The PCE
increased from 5.02% of the plain PAA-PEG based DSSC to
7.12 and 6.53% of the PAA-PEG/PANi and PAA-PEG/PPy
based DSSCs, respectively.18 Neo et al. used multiwalled
carbon nanotubes to reinforce the network strength and
shorten the ionic diffusion length of graphene oxide gelled
electrolytes, and achieved a PCE boost from 6.54 to 7.12%.17

Chen et al. used mesoporous silica nanoparticles (MSN) to
enhance the light harvesting and ion diffusion of the gel
electrolyte. An increase of the PCE from 4.62% of the plain gel
electrolyte based DSSC to 5.45% of the MSN-incorporated gel
electrolyte based DSSC was acquired.19 Yuan et al. incorpo-
rated graphene, graphene oxide, and nanographite to a
microporous poly(acrylic acid)−cetyltrimethylammonium bro-
mide (PAA-CTAB) matrix to form conducting gel electrolytes.
The PCE was increased from 6.07% of the plain PAA-CTAB
based DSSC to 7.06, 6.35, and 6.17% of the graphene, graphene
oxide, and nanographite incorporated PAA-CTAB based
DSSCs, respectively.20

Among the above-mentioned additive materials, montmor-
illonite and mica belong to the class of cationic clays, carrying
negative charges on their hydroxide layers counterbalanced by
positive interlayer ions. The popular electrolyte redox couple
for DSSCs, I−/I3

−, however, contains anions. The use of anionic
clay materials, containing interlayer anions, together with their
high chemical stability, ion exchange ability, and natural
abundance, may prove advantageous for DSSCs because of
the anion-exchange ability of the material.2

In this work, layered double hydroxides (LDH), a class of
anionic clay materials, were developed as the additive for
PVDF-HFP gelled electrolytes. PVDF-HFP is photochemically
stable and contains fluoride ions of strong electronegativity that
can coordinate well with Li+ to increase the solubility of LiI in
the electrolyte, and is thus a suitable and popular polymer for
electrolyte gelling purposes. Carbonate and chloride interca-
lated Zn-Al LDHs, ZnAl-CO3 LDH, and ZnAl-Cl LDH were
prepared with coprecipitation methods to serve as the additive
for the polymer gelled electrolyte. The interlayer anions
interact with the hydroxide layer through electrostatic forces
and hydrogen bonds, and exhibit different affinity with the
hydroxide layer and thus different ion exchange ability. The
affinity of the relevant ions of the present study is in the order
of carbonate > chloride > iodide.21 One thus expects to observe
some extent of anion exchange of the two LDHs when in use as
the electrolyte additive. It is also interesting to investigate if the
ion affinity significantly affects the DSSC performance.
It was found that the addition of the two LDHs, in terms of

PCEs, significantly improved over the plain PVDF-HFP gelled
electrolyte and competed favorably with the liquid electrolyte
based DSSCs. The PCE of the gel electrolyte based DSSC was
increased from 7.48% to 8.11% of the 1 wt % ZnAl-CO3 LDH
enhanced gel electrolyte based DSSC. The good performance
in PCE achieved by the LDH-loaded DSSCs was mainly

contributed by the significant boost in open circuit voltages
(Voc), which was further found to come from the positive shift
in the redox potential of the redox couple, I−/I3

−, as revealed by
cyclic voltammetry analyses. As for the long-term stability, PCE
retention rates of 96 and 99% after 504 h were achieved for the
ZnAl-CO3 LDH/PVDF-HFP and ZnAl-Cl LDH/PVDF-HFP
gelled electrolyte based DSSCs, respectively, appreciably better
than 92% achieved by the liquid electrolyte based one after 480
h. Anionic LDHs were thus proved to be a promising
performance boosting additive for polymer gelled electrolyte
based DSSCs.

2. EXPERIMENTAL SECTION
2.1. Preparation of ZnAl-CO3 LDH and ZnAl-Cl LDH. ZnAl-

CO3 LDH was prepared with a coprecipitation method.22 Briefly, an
aqueous solution of 0.4 M Zn(NO3)2·6H2O (99%, Showa) and 0.2 M
Al(NO3)3·9H2O (>95%, Showa) was mixed with an aqueous solution
of 0.3 M Na2CO3 (99.5%, Showa) and 1.5 M NaOH (99.5%, Showa).
The amount of the latter aqueous solution was controlled to achieve a
pH value of 10 for the final mixed solution. The mixed solution was
left undisturbed for 24 h. The resulting precipitates were rinsed with
deionized (DI) water, followed by drying at 60 °C for 24 h to afford
the ZnAl-CO3 LDH. ZnAl-Cl LDH was prepared with a
coprecipitation method.23 An aqueous solution of 200 mL containing
0.75 M ZnCl2 (95%, Showa) and 0.25 M AlCl3 (98.5%, Showa) and
the other aqueous solution of 200 mL containing 1 M NaCl and 1 M
NaOH were added into 100 mL of DI water at an addition rate of 50
mL/h at 80 °C under vigorous stirring. All solutions were purged with
nitrogen before mixing. A suitable amount of 2 M NaOH was added to
the resulting solution to achieve a solution pH value of 10. The final
mixed solution was further stirred at 90 °C for 24 h. The resulting
precipitates were rinsed with DI water, followed by drying at 60 °C for
24 h to afford the ZnAl-Cl LDH.

2.2. Preparation of Electrolyte Immersed LDHs. LiI (99.9%,
Aldrich), I2 (99.5%, Fluka), and LiClO4 (>95%, Aldrich) of 50, 10, and
500 mM, respectively, were dissolved in 2 mL of acetonitrile (99.8%,
JT Baker) in a drybox. An amount of 1 wt % LDH, ZnAl-CO3, or
ZnAl-Cl was immersed in the above solution at 70 °C for 2 h under
stirring. The treated LDH was then rinsed thoroughly with DI water
before drying at 60 °C overnight to afford the electrolyte immersed
LDH.

2.3. Preparation of Liquid Electrolyte and Polymer Gelled
Electrolytes. The liquid electrolyte was prepared by dissolving 0.1 M
LiI, 0.6 M 1-propyl-2,3-dimethylimidazolium iodide (DMPII, 99%,
Aldrich), 0.05 M I2, and 0.5 M 4-tert-butylpyridine (TBP, 98%, Fluka)
into acetonitrile in a drybox. The plain polymer gelled electrolyte was
prepared by first dispersing 10 wt % PVDF-HFP (Mw = 400 000,
Aldrich) in 0.5 mL of liquid electrolyte at 70 °C under stirring for 2 h
and then cooled in a 5 °C environment to gel to afford the product. As
for the LDH-loaded polymer gelled electrolytes, the procedures were
the same except that a desired amount of LDH was added together
with the 10 wt % PVDF-HFP.

2.4. Assembly of DSSCs. TiO2 paste was screen-printed onto a
fluorine doped tin oxide (FTO) glass (Nippon Sheet Glass Co., 3.1
mm, <30 Ω/cm2) of 0.4 × 0.4 cm to form the photoanode layer. The
Pt based counter electrodes were prepared by sputtering deposition of
a 50 nm thick Pt film onto a silicon wafer. The photoanodes with a
working area of 0.16 cm2 were heated at 120 °C for 5 min to remove
the trapped air and moisture. They were then soaked in a 0.3 mM cis-
bis(isothiocyanato)bis(2,2′-biprydi-4,4′-dicarboxylatoruthenium(II)-
bis-tetrabutylammonium (N719, Solaronix) solution for 12 h for dye
adsorption. Here, the solvent for the N719 dye was composed of t-
butanol (99.5%, Reidel-de Haen) and acetonitrile at a volumetric ratio
of 1:1. To assemble the cell, a spacer with a thickness of 60 μm was
used to connect the counter electrode and photoanode.

2.5. Characterizations. The thickness of the photoanode was
determined with a surface texture and contour measuring instrument
(Surfcom Flex, Accretech). An X-ray diffractometer (UltimaIV,
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Rigaku) was used to determine the crystalline structure of the product
LDHs. The functional groups of the LDH samples were analyzed with
a Fourier transform infrared spectrometer (Spectrum RX-I,
PerkinElmer). The iodide content of the electrolyte immersed
LDHs were characterized with high resolution X-ray photoelectron
spectrometry (XPS, PHI Quantera SXM, ULVAC-PHI). Field-
emission scanning electron microscopy (FESEM, S-4700, Hitachi)
was used to observe the morphology of the LDHs. The current
density−voltage (J−V) curves of the cells were recorded with a source
meter (Kiethley 236, Kiethley) under illumination of a solar simulator
(Yamashita Denso,YSS-E40; AM 1.5, 100 mW cm−2) calibrated by a
reference Si solar cell (SN2008-152, Yamashita). The redox potential
of the electrolyte was determined as the arithmetic average of the
reduction peak and oxidation peak potentials of the electrolyte as
recorded in the cyclic voltammogram. The base electrolyte was
composed of 50 mM LiI, 500 mM LiClO4, and 10 mM I2 dissolved in
acetonitrile. For the PVDF-HFP gelled electrolyte, 10 wt % PVDF-
HFP was added into the base electrolyte. As for the LDH-loaded
PVDF-HFP gelled electrolytes, 1 wt % of ZnAl-CO3 LDH or ZnAl-Cl
LDH was further added. Before the cyclic voltammetry (CV)
recording, the gelled electrolytes were heated to melt. Pt sputtered
silicon wafers served as the counter and working electrodes, and Ag/
AgNO3(0.01 M in acetonitrile, 0.54 V vs standard hydrogen electrode)
as the reference electrode. The CV was recorded at a scan rate of 20
mV/s. Electrochemical impedance spectroscopy was conducted in
dark with a potentiostat (PGSTAT30, AUTOLAB). For the long-term
stability test, the assembled cells were measured for the J−V curves at
selected times and stored in dark when not under measurement.

3. RESULTS AND DISCUSSION
Figure 1(a) shows the XRD patterns of the ZnAl-CO3 and
ZnAl-Cl LDHs. The patterns agree very well with those

reported previously in the literature.22,24−26 The sharp and well-
defined diffraction peaks of the patterns indicate good
crystallinity of the product, and the sharp diffraction peak of
the basal plane, (003), located at the low angle region is a
pronounced characteristics of the layered structure.27 If
examined closely, one observes a slight left shift of the
diffraction peaks for the ZnAl-Cl LDH as compared with those
of the ZnAl-CO3 LDH. The slight left shift corresponds to an
enlargement of the interlayer distance from 0.77 nm for the
ZnAl-CO3 LDH to 0.798 nm for the ZnAl-Cl LDH. This
phenomenon is in good agreement with that observed in
previous literature,25,26 and is caused by the slightly larger size
of chloride. Figure 1b shows the product morphologies of the
ZnAl-CO3 (left panel) and ZnAl-Cl (right panel) LDHs. Both
LDHs appear as thin sheets of sizes of 100−200 nm, further
signifying their layered structure characteristics.
The characteristic functional groups contained in the two

LDHs were identified with Fourier transform infrared spec-
troscopy (FTIR) and shown in Figure S1 (Supporting
Information). The pronounced broad band located at 3458
cm−1 was contributed by the O−H vibration of the −OH
groups contained in the adsorbed interlayer water and the
hydroxide layer.27,28 The band located at 1636 cm−1 was caused
by the bending vibration of δ HOH of the adsorbed interlayer
water.28 The one at 1362 cm−1 was contributed by the ν3
stretching mode of the carbonate.27 This band was much
stronger for the ZnAl-CO3 LDH than for the ZnAl-Cl LDH, as
it should. The minor amount of carbonate found in the ZnAl-Cl
LDH may come from the absorption of atmospheric CO2. The
band at 667 cm−1 was generated by the M−O or O−M−O (M
= Zn, Al) vibrations.28

To investigate the iodide exchange ability of the two LDHs,
we immersed the LDHs in iodide containing solutions at 70 °C
for 2 h and examined the morphology, crystalline structure, and
composition of the LDHs after the immersion. The
morphology (Figure S2, Supporting Information) and crystal-
line structure (Figure S3, Supporting Information) of the
immersed LDHs remained almost unchanged, only that the
diffraction patterns became less well-defined, implying a slightly
deteriorated layered structure, possibly caused by the
disordered placement of a minor amount of iodide within the
interlayer. No appreciable left shifts in the main diffraction peak
position were observed because the concentration of the iodide
was only minor in the interlayer. The concentrations of iodide
in the immersed LDHs were determined by EDX analyses and
were 0.33 at. % for the ZnAl-CO3 LDH and 0.65 at. % for the
ZnAl-Cl LDH. This trend is consistent with the affinity order of
carbonate versus chloride. Chloride has weaker affinity toward
the hydroxide layer and is thus easier to be displaced by
iodide.21

The presence of iodide after the immersion was further
confirmed with XPS measurements. Figure 1c shows the XPS
of the immersed ZnAl-CO3 LDH, which displays characteristic
binding energies of iodide at 618.9 (3d5/2) and 631 (3d3/2) eV,
in good agreement with those reported in the literature.2,29

The performances of DSSCs assembled using the present
LDH-loaded PVDF-HFP gelled electrolytes were compared
with those achieved by DSSCs using liquid electrolyte and plain
PVDF-HFP gelled electrolyte. The mass loading of the LDH
was varied from 0.25 to 1 wt % to investigate its effects on the
performances of the corresponding DSSCs. Figure 2 shows the
resulting J−V curves. As compared with the liquid electrolyte
case, both LDH cases produced higher open-circuit voltages

Figure 1. (a) XRD patterns of ZnAl-CO3 and ZnAl-Cl LDHs. (b)
SEM images of ZnAl-CO3 (left) and ZnAl-Cl (right) LDHs. (c) XPS
of iodide solution immersed ZnAl-CO3 LDH.
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but slightly lower short circuit current density (Jsc). On the
other hand, the plain PVDF-HFP case achieved generally lower
Voc and Jsc than those of LDH-loaded cases. Because the power
conversion efficiency (PCE = Voc × Jsc × FF/Pin, FF = fill factor,
Pin = power of incident light) is directly proportional to Voc and
Jsc, one thus expects that the addition of LDH improves over
the plain PVDF-HFP case in power conversion efficiency.
Figures 3 and 4 show the four essential performance

parameters derived from the J−V curves, PCE, Voc, Jsc, and
FF, for the two LDH-loaded cases as functions of LDH mass
loading. Also included for comparison are data collected from
the liquid electrolyte case. As expected, the addition of LDH
improved over the plain PVDF-HFP case in PCE. The PCEs of
the two LDH-loaded cases are comparable to those of the
liquid electrolyte case. Generally speaking, as compared with
the corresponding data of the liquid electrolyte case, the LDH
addition boosted the Voc, accompanied by slight reduction in Jsc
and relatively unchanged FF. The end result was that the
improvement in Voc compensated the loss in Jsc, leading to
comparable PCEs with those of the liquid electrolyte case. As
for the plain PVDF-HFP case, the improvement in PCE
achieved by the LDH addition mainly came from the increase

in Voc. The Jsc was not influenced by the loading of LDH.
Figure S4 (Supporting Information) shows the incident photo-
to-current conversion efficiency (IPCE) spectra of the plain
PVDF-HFP and LDH-loaded cases and no appreciable
differences can be observed, in agreement with the Jsc results.
The boost in Voc increased with increasing LDH loading. The
type of LDH, carbonate or chloride intercalated, however did
not result in significant differences in cell performance.
To further understand the effects of LDH addition on the

cell performance, we conducted electrochemical impedance
spectroscopy (EIS) in the dark to study the resistance
associated with the electron transport across the photoanode
layer, Rt, and the resistance associated with the electron transfer
of charge recombination occurring at the photoanode/electro-
lyte interface, Rct. The photoinduced electrons, injected from
the excited dye molecule into the photoanode domain, need to
be transported across the photoanode layer to reach the current
collector. These electrons may also recombine with the
oxidized dye molecules or I3

− and get lost before reaching
the current collector. To increase the PCE, the resistance to the
electron transport, Rt, should be small, whereas the resistance to
the charge transfer, Rct, should be large. The EIS was conducted
in the dark to avoid the interference coming from the photon-
induced charge transport. The applied potential was first
chosen to be in the range of 0.6−0.7 V according to the system
responses revealed by the corresponding Nyquist plots. In the
potential range of 0.6−0.7 V, the Nyquist plot displayed the
most distinct contributions of both Rt and Rct, from which the
behavior of both resistances can be better explored (Figure S5,
Supporting Information).
Figure 5 shows Rt and Rct, as determined from the fitting of

the impedance data using the transmission line model,30 as
functions of applied potential for the two LDH-loaded cases.
Both Rt and Rct decreased logarithmically with increasing
applied potential and increased with increasing LDH loading.
The effects induced by the LDH addition can be attributed to
the reduced adsorption amount of Li+ on the surface of the
photoanode, because of the competition for Li+ coming from
the LDH. Part of the lithium ion present in the electrolyte was
adsorbed onto the surface of the photoanode, causing a positive
shift of the conduction band of the photoanode.29,31 When the
LDH was added, the anions of the LDH competed with the
TiO2 of the photoanode for Li+ adsorption, thus reducing the
amount of Li+ adsorption on the photoanode surface and thus
less positive shift in its conduction band. The end result was a
negative shift in the conduction band of the TiO2 electrode,
taking the PVDF-HFP case as a comparison base. This negative
shift in the conduction band made it more difficult for electron
injection, thus reduced electron densities in the photoanode
and higher Rt and Rct.

32 The negative shift in the conduction
band of the TiO2 electrode can be confirmed with the chemical
capacitance data derived from the EIS analysis. Figure S6
(Supporting Information) shows the chemical capacitance
versus potential plot for both LDH cases. When the conduction
band of the TiO2 electrode shifts to the more negative region,
the electron density at the TiO2 electrode deceases, leading to
lower chemical capacitances. As evident from Figure S5
(Supporting Information), for both LDH cases, the chemical
capacitance dropped with increasing LDH loading.
The negative shift in the conduction band helped boosting

the Voc of the cell, because Voc is basically the potential
difference between the conduction band of the photoanode and
the redox potential of the electrolyte couple, I−/I3

−. Although

Figure 2. Photocurrent density−voltage (J−V) plots of liquid
electrolyte, plain PVDF-HFP gelled electrolyte, (a) ZnAl-CO3
LDH/PVDF-HFP gelled electrolyte, and (b) ZnAl-Cl LDH/PVDF-
HFP gelled electrolyte based DSSCs.
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the electron density was reduced when the negative conduction
band shift occurred, the recombination loss of the electron was
also reduced because of the higher Rct. The two competing
effects somewhat balanced, leading to relatively unchanged Jsc,
as shown in Figures 3 and 4. If examined closely, for both LDH
cases, the values of Rct were about 1 order of magnitude larger
than those of the corresponding Rt. This means that most of
the electrons injected into the TiO2 electrode has the chance to
be transported across the TiO2 layer to reach the current
collector, instead of being recombined with I3

− or oxidized dye
molecules and lost. It is an essential characteristic for high
efficiency DSSCs.

As revealed in Figures 3 and 4, the improvement in PCE for
LDH-loaded cases came mainly from the boost in Voc. Part of
the Voc boost came from the reduced Li+ adsorption on the
TiO2 surface. We further examined the redox potential of the
electrolytes to investigate other possible contributions to the
Voc boost. Figure 6 shows the cyclic voltammograms recorded
for four different electrolytes, liquid, plain PVDF-HFP, ZnAl-
CO3 LDH loaded, and ZnAl-Cl LDH loaded. There appeared
two sets of redox pairs, the first pair located in the high
potential region came from the redox reaction of 2I2 + 2e− ↔
2I3

− and the second pair was contributed by I3
− + 2e− ↔ 3I−,

which was the one occurring at the electrolyte/counter

Figure 3. (a) PCE, (b) Voc, (c) Jsc, and (d) FF of liquid electrolyte, plain PVDF-HFP gelled electrolyte, and ZnAl-CO3 LDH/PVDF-HFP gelled
electrolyte based DSSCs.

Figure 4. (a) PCE, (b) Voc, (c) Jsc, and (d) FF of liquid electrolyte, plain PVDF-HFP gelled electrolyte, and ZnAl-Cl LDH/PVDF-HFP gelled
electrolyte based DSSCs.
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electrode interface for I− regeneration.33 We focus on the
second pair for its relevancy to the cell performance. The redox
potential was determined as the arithmetic average of the
reduction and oxidation peak potentials. For the liquid
electrolyte case, the value was 0.356 V versus normal hydrogen
electrode (NHE), in good agreement with that reported in
literature.34 As for the plain PVDF-HFP case, it was 0.35 V,
close to that of the liquid electrolyte case. This indicated that
the gelation of the liquid electrolyte with PVDF-HFP did not
affect the redox potential of the I−/I3

− couple. The addition of
LDHs, however, produced positive shifts for the redox
potential, 0.05 V for the ZnAl-CO3 case and 0.07 V for the
ZnAl-Cl case. These positive shifts in redox potential
contributed significantly to the Voc boost of the cell. The
mechanism for the positive shift of redox potential upon
addition of the LDH is not yet understood, but is conjectured
to be related to the ion exchange ability of the LDH. The redox

potential (Eredox) of the electrolyte is given by the Nernst
equation as34

= +
−

−E E
RT

F2
ln

[I ]
[I ]redox

0 3
3

where E0 is the formal potential, R the gas constant, T the
absolute temperature, and F the Faraday constant. When the
LDH is added to the electrolyte, part of the iodide is ion-
exchanged to the interlayer of the LDH as discussed in the
earlier section. This would reduce the concentration of iodide
in the electrolyte and increase Eredox according to the above
equation, leading to the Voc boost. The positive shift in Eredox
increases with increasing LDH loading and gives rise to
increasing Voc, in good agreement with the trend revealed by
Figures 3b and 4b for Voc.
The long-term stability of the cells assembled by using the

LDH-loaded PVDF-HFP gelled electrolytes was tested against
that of the liquid electrolyte based cells. The PCE retention rate
of the liquid electrolyte case after 480 h was 92%, while those of
the LDH-loaded cases were 96% for the ZnAl-CO3 LDH case
and 99% for the ZnAl-Cl LDH case after 504 h. The
normalized PCE versus time plot for the three cases is shown
in Figure S7 (Supporting Information). It is evident from
Figure S7 (Supporting Information) that the LDH-loaded
PVDF-HFP gelled electrolyte based DSCs outperformed the
liquid electrolyte based one, in terms of long-term stability. The
curves for the two LDH cases fluctuated, but remained in the
high retention rate region, whereas that of the liquid electrolyte
based cell dropped monotonically. The comparison of the three
curves showed the superior long-term stability of the LDH
based cells.

4. CONCLUSIONS
Layered double hydroxides, a kind of anionic clay materials,
were developed as an effective additive for polymer gelled
electrolytes. Two kinds of ZnAl LDH were tested, one with
carbonate and the other chloride as the interlayer anion. The

Figure 5. (a) Rt and (c) Rct for ZnAl-CO3 LDH/PVDF-HFP gelled electrolyte based DSSCs as functions of ZnAl-CO3 LDH loading. (b) Rt and (d)
Rct for ZnAl-Cl LDH-loaded case.

Figure 6. Cyclic voltammograms recorded for four different
electrolytes: liquid, plain PVDF-HFP gelled, ZnAl-CO3 LDH/PVDF-
HFP gelled, and ZnAl-Cl LDH/PVDF-HFP gelled.
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addition of both LDHs significantly boosted the Voc of the cell
and improved over the plain PVDF-HFP based cell in PCE.
The Voc boost was found to mainly come from the positive shift
of the redox potential of the electrolyte. The two LDH-loaded
cases exhibited comparable PCE as that of the liquid electrolyte
case, but outperformed the liquid electrolyte case in terms of
long-term stability. The present LDH-loaded, polymer gelled
electrolytes thus are a promising alternative to the traditional
liquid electrolyte for DSSC applications.
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