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ABSTRACT: Nanoclay minerals play a promising role as additives in ggg Liquid .

the liquid electrolyte to form a gel electrolyte for quasi-solid-state dye- | e .a..-i" Solse, g
sensitized solar cells, because of the high chemical stability, unique = “.= :2..:. aen e 3
swelling capability, ion exchange capacity, and rheological properties Nanoclav Gel 3

of nanoclays. Here, we report the improved performance of a quasi- ‘ i ddedagt
solid-state gel electrolyte that is made from a liquid electrolyte and °_‘!_'g'="‘_"*'f_' -
synthetic nitrate-hydrotalcite nanoclay. Charge transport mechanisms = S oo oz o+ o oe
in the gel electrolyte and nanoclay interactions with TiO,/electrolyte Votage (v

interface are discussed in detail. The electrochemical analysis reveals

that the charge transport is solely based on physical diffusion at the ratio of [PMII]:[I,] = 10:1 (where PMII is 1-propyl-3-
methylimidazolium iodide). The calculated physical diffusion coefficient shows that the diffusion of redox ions is not affected
much by the viscosity of nanoclay gel. The addition of nitrate-hydrotalcite clay in the electrolyte has the effect of buffering the
protonation process at the TiO,/electrolyte interface, resulting in an upward shift in the conduction band and a boost in open-
circuit voltage (V). Higher Vi values with undiminished photocurrent is achieved with nitrate-hydrotalcite nanoclay gel
electrolyte for organic as well as for inorganic dye (D35 and N719) systems. The efficiency for hydrotalcite clay gel electrolyte
solar cells is increased by 10%, compared to that of the liquid electrolyte. The power conversion efficiency can reach 10.1% under
0.25 sun and 9.6% under full sun. This study demonstrates that nitrate-hydrotalcite nanoclay in the electrolyte not only solidifies
the liquid electrolyte to prevent solvent leakage, but also facilitates the improvement in cell efficiency.
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B INTRODUCTION which did not require hermetic sealing. However, lower solar to
electric power conversion efficiency (PCE) was observed,
compared to that of liquid DSCs, which may be due to low hole
conductivity, poor pore-filling ability, and/or poor electrode
21718 Recently, quasi-solid-state electrolytes have
emerged to be very good candidates to be applied in DSCs,
because of their twin attributes: the cohesive property of a solid
and the diffusive capacity of a liquid."” One particular approach
is to form the quasi-solid-state electrolyte, using inorganic

Dye-sensitized solar cells (DSCs) have aroused intense interest
because of their high energy conversion efficiency, simplicity,
low cost, and environmentally friendly fabrication method."
Previously, much effort has been exerted toward enhancing the
device efficiency through optimizing individual cell compo-
nents.”~” So far, single cell efficiency of 12.3% and module
efficiency of 9.9% have been reported, which makes this
technology competitive.s’9 However, for liquid DSCs, several

critical technical problems limit long-term performance and nanoparticles as additives in various ionic liquids in order to
practical use, in particular, the leakage or evaporation of volatile increase the viscosity as well as electrode—electrolyte interfacial
solvent.'”'* Consequently, much attention has been focused

on improving the liquid electrolytes or substituting liquid Received: November 1, 2012

electrolytes with solid-state or quasi-solid-state electrolytes.'>'® Accepted: December 19, 2012

Some efforts have been made to fabricate solid-state DSCs, Published: December 19, 2012
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contact.”®*" For example, a composite ionic liquid electrolyte

formed by mixing silica nanoparticles into 1-propyl-3-
methylimidazolium iodide (PMII) has shown a high conversion
efficiency of 7.0%.*> Comparing to liquid devices, the
advancement of quasi-solid-state DSCs is still a gradual process.

Recently, clay minerals have attracted attention as an additive
in electrolytes, because of their high chemical stability, unique
swelling ability, ion exchange capacity, abundance in nature,
and rheological properties.”>** Tu et al. demonstrated that
polymer-gelled DSCs incorporated with montmorillonite clay
showed enhancement in efficiency due to a decrease in
electrolyte-contact resistance.”® Later, Park et al. deduced the
unexpected benefits of clay gel electrolyte, because of the light
scattering capability of laponite clay.”® Furthermore, Tsui and
co-workers attempted to use modified montmorillonite with
long alkyl chain to form clay type nanocomposite and proposed
that the space between the clay can offer a wider transfer path
for iodide/triiodide.?” Inoue et al. showed high cell perform-
ance of 10.3% for clay gelled electrolyte, equivalent in
performance to liquid electrolyte cells.”®

Even though nanoclay has proven to be one of the promising
additives to gel the liquid electrolyte, eﬂiciencgf enhancement of
the top performing cells is still in progress. 628 As discussed
previously, besides solidifying the electrolyte, the role played by
nanoclay additives on the photoelectrochemical performance of
the device has not yet been elucidated in detail. According to
earlier studies in photochemistry and photocatalysis, smectite
clay hinders the diffusion of anions, while cations incorporated
in the clay films can induce electrocatalytic effects.”*>°
Apparently, much study needs to be carried out to reveal the
effect of clay in photovoltaic devices, viz, the clay interaction
with the electrolyte of DSCs, especially in its gel form, and
correlation of interaction with charge transport mechanism in
device, etc. The nanoclays used in previous studies were mainly
of smectite/montmorillonite type, which belong to the family
of cationic clays (hydroxides layers with negative charge). Since
the active redox species (triiodide/iodide) present in the
current DSC systems are anions, anionic nanoclay (the net
positive charge of octahedral layers is balanced by an equal
negative charge from the interlayer anions®") additives in the
gel electrolyte may be expected to have better ability, in terms
of interaction/intercalation with the electrolyte.

In the current work, we report the synthesis of a quasi-solid-
state gel electrolyte that consists of a liquid electrolyte and
synthetic nitrate—hydrotalcite nanoclay that solidifies the liquid
electrolyte and improves the PCE. Cyclic voltammetry provides
the information on the charge transport in gel electrolyte,
whereas electrochemical impedance spectroscopy gives a broad
view of resistance and capacitance of each component. The
obtained results are combined in a coherent picture in order to
identify the effect of nitrate—hydrotalcite nanoclay in a gel
electrolyte system.

B RESULTS AND DISCUSSION

Nitrate-Hydrotalcite Gel in Dye-Sensitized Solar Cells
(DSCs). The photocurrent density—voltage (J—V) character-
istics of the DSCs with liquid and 10 wt% nanoclay gel
electrolyte under one sun illumination are listed in Table 1.
Better device performance was observed using acetonitrile
(AN) rather than methoxypropionitrile (MPN) as the solvent
to prepare the electrolyte. In fact, the higher device efficiencies
for an AN-based electrolyte are mainly due to the better fill
factor, which reflects the resistance level in the device. It could
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Table 1. Comparison of the Photovoltaic Characteristics
Based on Liquid and Gel Electrolyte in Different Solvents
(AN and MPN) under One Sun Ilumination

solar cell® PCE (%) Jsc (mA/cm?) Voc (mV) FF APCE? (%)
L-MPN 7.0 15.2 741 0.62

G-MPN 7.9 154 843 0.61 13
L-AN 8.8 15.3 786 0.73

G-AN 9.6 15.1 846 0.75 9

“L-MPN and G-MPN refer to, respectively, liquid and nanoclay gel
electrolyte prepared using methoxypropionitrile; L-AN and G-AN
refer to liquid and nanoclay gel electrolyte in acetonitrile. Data are
obtained with photoanode 5 + 2 layers. “Calculated using APCE =
(PCE — PCE,)/PCE,.

be due to the higher ionic conductivity of AN over MPN.**
Even so, irrespective of the solvent, a higher PCE was achieved
for nitrate-hydrotalcite nanoclay gel devices: the short-circuit
current density (Jsc) and fill factor (FF) values were
comparable to those of liquid versions, along with significant
enhancement in open-circuit voltage (Vo).

Charge Transport in Nanoclay Gel. The observed Jy for
both liquid and gel electrolyte devices are comparable;
moreover, the linear increase of Jsc with light intensity clearly
indicates that the reaction rate of redox ions to dye is fast
enough for regeneration (Figure 1). It suggests that viscosity of
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Figure 1. Photocurrent of G-AN under various illumination conditions
(0.25, 0.59, 0.86, and 1.03 sun).

nanoclay gel does not have much of an effect on charge
transport in the electrolyte. Unlike in some other types of
polymer/gel system, cells often perform better under low-
intensity illumination, because of the diffusion-limited Js. that
is observed under high-intensity illumination.**** It has been
proposed that, in nanocomposite gelled electrolytes typically in
ionic liquids, besides the physical diffusion (in most liquid
systems), another type of charge transport mechanism (called
Grotthus type or exchange-reaction process, I” + I;~ = I;7 +
I7) may also assist the current flow. 7 In such cases, rapid
charge transfer is enabled, even in a viscous medium, since
physical species transfer is not necessary for charge transport. It
may be due to the adsorption of redox ions on the particle
surface forming a dense and oriented redox region by
electrostatic interaction, which may act as a rapid charge
transport path with an exchange reaction.””***” It was also
illustrated that the clay significantly affects the diffusion of the
ions if applied to electrodes.**™* Taking into account these
arguments for nanoclay gel system, it is suggested that

dx.doi.org/10.1021/am3025454 | ACS Appl. Mater. Interfaces 2013, 5, 444—450



ACS Applied Materials & Interfaces

Research Article

fundamental studies, such as the charge transport mechanism
and equilibrium potentials of redox couple in the gel system,
have not been revealed yet, although the understanding of such
characteristics is crucial for DSC applications.

Steady-state cyclic voltammetric analysis was carried out in
order to understand the charge transport mechanism in the
nitrate-hydrotalcite gel electrolyte system. The limited current
(Iim) in cyclic voltammograms, corresponding to the reaction
I,” + 2e” = 3, is given by>

L, = 8FDrc (1)

where D is the diffusion coefficient of redox species, r the
microdisk electrode radius, and ¢ the total concentration of the
redox species ('/5[I7] + [I;7]). If physical diffusion and the
Grotthus mechanism are conjugated, then

D =D, +D, (2)
1 2
= phys + g keX5 c (3)
where D, and D, are the respective coefficients based on

simple physical diffusion and Grotthus/exchange reaction, k, is
the exchange reaction rate constant, and J is the center-to-
center intersite distance at the exchange reaction. Substituting
eq 3 into eq 1 gives

1 22
Iim = 8Fr| D,y ¢ + | = |k 07¢
! [ phy (6) ] 4)

Consequently, according to eq 4,>° pure physical diffusion
predicts a linear relationship of limiting current as a function of
total concentration of redox species, while pure exchange
predicts quadratic behavior. As shown in Figure 2, at a fixed
ratio of [PMII]:[1,] = 10:1, limiting current with concentration
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Figure 2. (a) Limiting currents for reaction of I;™ + 2~ = 317, as a
function of concentration (*/5[I7] + [I;7]) for the PMII/I, redox
couple with constant molar ratios (PMIL:I, = 10:1) in acetonitrile. (b)
Calculated diffusion coefficient of I~ for both liquid and nanoclay gel.

446

of redox species exhibits a linear relationship with correlation
coefficients of R* > 0.985. It clearly indicates that the charge
transportation in nitrate-hydrotalcite gel electrolyte is con-
ducted solely by physical diffusion at a ratio of [PMII]:[I,] =
10:1. Furthermore, the calculated physical diffusion coefficient
of I;” shows independence with concentration variation, which
also supports typical physical diffusion behavior. Although the
gel electrolyte is viscous in nature, redox ions can still diffuse
smoothly, because of the unique properties of nanoclay forming
three-dimensional (3-D) networks and providing channels for
diffusion. Although calculated DI;™ in nanoclay gel is slightly
smaller than that in liquid, it does not result in a major
deficiency in photocurrent collection.

The presence of iodide ions**** in the clay powder extracted
from the nanoclay gel electrolyte clearly reveals that, besides
diffusing through the network structure, the iodide ions are also
accommodated by the nitrate-hydrotalcite nanoclay particles
(see Figure 3a). In addition, the presence of iodide was not
found in a reference clay sample that was extracted from the
electrolyte under the same procedure (details given in the

Supporting Information (SI)). Thus, the probability of the
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Figure 3. (a) X-ray photoelectron spectroscopic spectrum of I 3d in
the nitrate-hydrotalcite clay powder extracted from gel electrolyte
containing 1 M PMII and 0.1 M L. (b) Comparison of X-ray
diffraction patterns of bare nitrate-hydrotalcite clay powder (pattern P-
1, black trace) and the powder extracted from gel electrolyte (pattern
P-2, red trace).

dx.doi.org/10.1021/am3025454 | ACS Appl. Mater. Interfaces 2013, 5, 444—450



ACS Applied Materials & Interfaces

Research Article

existence of iodide contaminants in the nitrate-hydrotalcite clay
powder is eliminated. The presence of iodide ions could be due
to their exchange with the original nitrate ions. However,
because of the similarity in size and ion affinity* between I,
and NO;™ ions, no significant peak shift in the XRD spectrum
is observed (see Figure 3b).

Shown clearly in Table 1, the nitrate-hydrotalcite nanoclay
addition in liquid electrolyte enhances the V5¢. The theoretical
Voc value in DSC is determined by the potential difference
between the Fermi energy of the TiO, electrode and the redox
potential of triiodide/iodide in the electrolyte. The equilibrium
potential of triiodide/iodide redox couples can be determined
from the potential where the current become zero by
ultramicroelectrode. According to steady-state voltammetric
study (Figure 4), the redox potential remains unchanged after
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Figure 4. Cyclic voltammograms of AN-based liquid (L-B) and its
nitrate-hydrotalcite clay gel electrolyte (10 wt% nanoclay content,
labeled as G-B) with Pt microelectrode (scan rate = 10 mV/s).

the addition of nanoclay to the electrolyte. Consequently, the
improvement of V¢ can only be attributed to the change in
Fermi energy of TiO,. The equilibrium Fermi energy of
electrons in semiconductors can be expressed by the following
equation:46

.

C

()

where Eg is the Fermi energy, Ec the conduction band energy,
kT the thermal energy, n_ is the electron concentration, and N¢
the effective concentration of accessible electronic states in the
conduction band.

The shift in the conduction band energy can be diagnosed
from electrochemical impedance measurements of the chemical
capacitance under light. Figure S shows the chemical
capacitance versus open-circuit potential (Vo) of TiO,,
based on different weight percentages of nanoclay in the
electrolyte. At fixed capacitance, a continuous right shift of V¢
is observed with nanoclay content. Therefore, according to the
equation described, the observed Vi, enhancement is
attributed to the conduction band shift to a higher energy
level after the addition of nitrate-hydrotalcite clay.

The change in Vi with different weight percentages of
nanoclay should be due to the basic nature of nitrate-
hydrotalcite clay. Usually, the surface of TiO, can be more or
less protonated, depending on the pH of the electrolyte.”’
Adding a base in the electrolyte deprotonates the surface of

447

1.2x107
1.1x10°4
10°4
9x10™4
8x10™4

7x10™
6x10™ 4

—0— 10 wt% Voc= 846 mV
—A—7.5 wt% Voc= 793 mV
—0—2.5 wt% Voc= 789 mV
—m—0 wt% Voc= 786 mV

5x10™ 4

4x10™* <

Chemical Capacitance (F)

3x10% 3

2x10*
640

) ) ) L) ) )
680 700 720 740 760 780

Open Circuit Potential (mV)

)
660 800

Figure 5. Chemical capacitance of TiO, photoanode extracted from
electrochemical fitting of a semicircle obtained at an intermediate
frequency region at different open-circuit potentials (V). Different
Voc values are controlled by applying various intensity of LED light
shining on devices (frequency range = 100 kHz—0.1 Hz, ac amplitude
=10 mV).

TiO, and results in an alternation of surface potential, which is
the origin of band bending adjacent to the surface.*’™*
However, in DSCs, the nanoparticles used are too small to
support a significant band bending.*’ As a consequence, the
entire conduction band of the TiO, film shifts with the surface
potential and, hence, results in an enhancement in V¢ for
devices with nanoclay gel electrolytes. The phenomenon was
also observed in a study of the effect of the addition of 4-tert-
butylpyridine (TBP) in a liquid electrolzte, which has often
been reported to act as a base in DSCs.*

Therefore, the origin of Vc enhancement in nanoclay gel
electrolyte can be attributed to a shift of the conduction band
energy of TiO, to higher energy levels. This can be further
verified using various dye systems with different LUMO levels.
The obtained device performance with different dyes as a
sensitizer using the nitrate-hydrotalcite nanoclay gel electrolyte
is shown in Table 2. For organic dye D35, similar enhancement

Table 2. DSC Performance Comparison of Gel and Liquid
Electrolyte with D35 and N749 Dyes

solar cell® PCE (%) Jsc (mA/cm?) Voc (mV) FE  APCEY (%)
L-D35 59 11.9 712 0.70
G-D35 6.5 117 769 0.72 10
L-N749 7.0 11.4 697 0.77
G-N749 56 10.1 768 073 20

“Data are obtained with photoanode S + 2 layers for D35, and 3 + 2
layers for N749. YAPCE = (PCE; — PCE,)/PCE,.

in the device performance is obtained mainly due to the V¢
enhancement and negligible change in Jsc. However, for
ruthenium-based N749 dye, although an enhancement in V¢
was observed, the overall PCE decreased, because of the
decrease in Jgc. According to the literature, the LUMO levels of
D35, N719, and N749 dyes are at —1.37 eV,%° —1.15 eV®! and
—0.77 eV,>? respectively, vs NHE. The Fermi level of TiO, is
between —0.4 eV and —0.5 eV.**** The LUMO levels of D35
and N719 dyes are high enough and do not affect the electron
injection, although there is an upward shift in conduction band
of TiO, after the addition of nitrate-hydrotalcite nanoclay in the
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electrolyte. However, the LUMO level of the N749 dye is lower
than that of the N719 dye. In this case, the additional effect of
nitrate-hydrotalcite clay electrolyte on escalating the con-
duction band of TiO, could cause deficiency in electron
injection, since there is a minimum energy difference of ~0.3
eV required for effective injection.*®

Nitrate-hydrotalcite clay acts like a base, which can shift the
conduction band of TiO, upward, and it is superior to basic salt
additives, as shown in Table 3. The amount of NaOH added in

Table 3. Comparison of the Photovoltaic Characteristics of
Liquid, Gel Electrolyte, and Liquid Electrolyte with the
Addition of NaOH

solar PCE Jsc Voc amount of dye”(x 1078
cell” (%) (mA/cm?)  (mV) FF mol)

L- 6.4 12.5 767 0.67 4.0
NaOH

L-Nil 7.8 14.6 733 0.73 3.9

G-Nil 8.4 143 830 0.71 4.1

“L-NaOH, L-Nil, and G-Nil denote electrolyte conditions: liquid
electrolyte with NaOH added, liquid electrolyte with no additional
modification, and nanoclay gel with no additional modification. Data
are obtained with photoanode 4 + 1 layers. “Measured in 0.1 M
NaOH in water + ethanol (1:1 v:v).

the electrolyte is calculated by obtaining an equal pH value (pH
10) in water as 10 wt % of nanoclay added. Adding NaOH also
enhances the V¢ but not as efficiently as nanoclay. However,
the Jsc decreases significantly, compared to the pure liquid cell.
The decrease in Js¢ is not due to dye desorption by an alkaline
source, because the amount of dye loaded on the photoanode is
comparable after exposure to the electrolyte. However, while
adding NaOH in the electrolyte, a small amount of aggregation
of electrolyte species is observed. This degradation of the
electrolyte with the presence of NaOH could be responsible for
the decreased Jsc value. Unlike strong alkaline salts directly
dissolving in the electrolyte, the nanoclay acts more like a
buffering source, preventing the electrolyte from being too
acidic, because of the presence of a large amount of iodide/
iodine ions.

Bl CONCLUSIONS

We have achieved a 10% improvement in power conversion
efficiency (PCE) for nitrate hydrotalcite nanoclay gel electro-
lyte solar cells (PCE = 9.6%) compared to their liquid
electrolyte counterparts (PCE = 8.8%) under full sun
illumination. In this clay gel system, charge transport is through
physical diffusion, where the ions can diffuse smoothly through
the channels developed by the clay networks. Thus, the
calculated physical diffusion coeflicient is not affected much by
the viscosity of the gel electrolyte. The observed enhancement
in open-circuit potential (Vic) is due to the upward shift of the
conduction band, which benefits from the buffering role of clay
to prevent the electrolyte from being too acidic. The maximum
PCE of 10.1% is achieved under 0.25 sun. This study
demonstrates that nanoclay gel electrolyte improves PCE
while alleviating critical problems for the liquid, such as solvent
leakage.

B EXPERIMENTAL SECTION

Materials and Methods. The Mg—Al hydrotalcite containing
nitrate anions was prepared using the coprecipitation method™® at
constant pH; in brief, 0.011 mol Al(NO;);-6H,0 (98+%, ACS
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reagent, Sigma—Aldrich) and 0.033 mol Mg(NO;),-9H,0 (99%, ACS
reagent, Sigma—Aldrich) were dissolved in 100 mL of deionized water
(solution 1). Then, 0.15 mol NaOH (97+%, ACS reagent, pellets,
Sigma—Aldrich) and 0.049 mol NaNOj; (99+%, ACS reagent, Sigma—
Aldrich) were dissolved in 50 mL of deionized water (solution 2).
Solution 1 was added slowly into solution 2 with rapid stirring at 80
°C. The mixture was further stirred at 80 °C for 35—40 h and the
precipitate obtained was subsequently washed with deionized water
several times. The synthesized clay was ~50—80 nm in size and a few
nanometers in thickness (see the SI).

The liquid electrolyte was composed of 1 M I-propyl-3-
methylimidazolium iodide (PMII), 0.1 M bis(trifluoromethane)
sulfonimide lithium salt, 0.1 M iodine, and 0.5 M 1-methylbenzimi-
dazole in commonly used AN or MPN solvent. The nanoclay gel
electrolytes were prepared by dispersing different weight percentages
of hydrotalcite nanoclay into the liquid electrolyte. The mixture was
sonicated for 5—10 min at room temperature and subsequently
homogenized using an ultrasonic homogenizer. Liquid electrolyte
solidification (i.e., gel formation) occurs after more than 10 wt % of
the nanoclay has been added (see the SI). As-prepared nanoclay gel
electrolyte was subsequently used for device testing.

Transparent nanoporous TiO, photoanodes were prepared as
follows: an FTO substrate was cleaned and treated with 40 mM TiCl,
at 70 °C for 30 min. Subsequently, a nanocrystalline TiO, paste
(18NRT Dyesol) was screen-printed on the substrate, followed by
screen printing of a Ti-nanoxide paste (WER2-O, Dyesol), to act as
scatter layers. Prepared films were then annealed on a hot plate at 325
°C for 5 min, 375 °C for 5 min, 450 °C for 15 min, 500 °C for 15 min,
and then cooled to room temperature. Subsequently, cooled films were
treated again with 40 mM TiCl, at 70 °C for 30 min and sintered at
500 °C for 30 min. After cooling, the TiO, films were immersed
overnight in dye solution: 0.3 mM acetonitrile/tert-butyl alcohol (v:v =
1:1) solution of N719 dye ([Ru(2,2’-bipyridyl-4,4’-
dicarboxylate),(NCS),]H,(Bu,N),, Dyesol); 0.2 mM ethanol solution
of organic dye coded D35; 0.3 mM N749 (TBA,[Ru(H,tcterpy)-
(NCS),]) in a mixture of acetonitrile and fert-butyl alcohol (v:v = 1:1).

Two holes were drilled 4 mm apart in the FTO substrates, for
electrolyte filling. The hexachloroplatinic acid (8 mM in isopropanol
solution) was drop-casted on the drilled conducting side of FTO glass
and annealed at 400 °C for 15 min to reduce the Pt*" ions. Prepared
electrodes were used as counter electrodes for device fabrication.
Fabrication of DSCs was done by sandwiching the dye-soaked TiO,/
FTO electrode and platinized FTO (counter electrode) with a 60-um
thermoplastic Suryln spacer (Surlyn, Solaronix) by hot pressing at 110
°C. The triiodide/iodide-based liquid electrolyte was introduced into
sandwiched electrodes through the predrilled holes. Nanoclay-based
gel electrolytes were shaken to form a liquid prior to injecting it into
the cell through the holes of the counter electrode. Since the nanoclay
gel electrolyte is thixotropic, its fluidity is increased by applying
mechanical shear force.

Characterization. The surface morphology of the nanoclay was
analyzed using field-emission scanning electron microscopy (FESEM;
JEOL, Model JSM-7600F, S kV). The phase and crystallite size of the
nanoclay were investigated by X-ray diffraction (XRD; Bruker
Advance, Model AXS D8). X-ray photoelectron spectroscopy (XPS)
analysis is performed using a Kratos-Axis spectrometer with
monochromatic Al Ka (1486.71 eV) X-ray radiation (15 kV and 10
mA) and a hemispherical electron energy analyzer. The spectra are
normalized according to C 1s at 284.5 eV.

The current—voltage (J—V) characteristics of the cells having an
active area of 028 cm® or 0.16 cm®? were measured under an
illumination with AM 1.5 (100 mW/cm?) using a solar simulator (San-
EI Electric, Model XEC-301S) coupled with a digital source meter
(Keithley) for recording the J—V plot. The data presented by the
devices were averages from two cells. The steady-state voltammetry
measurements for the liquid and a 10 wt % nanoclay gel electrolyte
were carried out using an AutoLab Model PGSTAT302N system at a
scan rate of 10 mV/s. A typical electrochemical cell equipped with a
10-pm-radius Pt microelectrode as a working electrode, and Pt foil and
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Pt wire as the counter and quasi-reference electrodes, respectively, in
liquid and nanoclay gel electrolyte.

The EIS characterization of the devices were carried out at open-
circuit potential using a computer-controlled AutoLab PGSTAT302N
system with a frequency range from 0.1 Hz to 100 kHz at a potential
modulation of 10 mV. The obtained experimental data were fitted with
the Z-view software (ZView 3.2b, Scribner Associates, Inc.), using
appropriate equivalent circuits. The chemical capacitance was extracted
from the fitting data.

B ASSOCIATED CONTENT

© Supporting Information

Supporting information includes the XPS spectrum of the
reference clay, TEM images of nitrate-hydrotalcite nanoclay,
and the picture of its gel electrolyte. This information is
available free of charge via Internet at http://pubs.acs.org.
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