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ABSTRACT: We synthesized a series of pyrrolidinium based dicationic ionic
crystals with high melting point and good thermal stability. Research on the
crystal structure shows that there are ordered three-dimensional ionic channels
in these crystals which is favorable for the ionic conductor to achieve high
conductivity and diffusion coefficient. These ionic crystals are applied to
electrolyte as matrix in dye sensitized solar cells, and the influence of crystal
structure (including the alkylene chain separating two pyrrolidinium rings and
anion) versus the device performances are studied by steady-state
voltammography, current—voltage trace, and electrochemical impedance
spectroscopy. As the solid state electrolyte, an optimized efficiency of 6.02%
have achieved under full sunlight irradiation using ionic crystal [C4BEP]-
[TFSI],. And the device based on this solid electrolyte shows the excellent long-
term stability, maintaining 92% of the initial efficiency after 960 h. This study
elucidates fundamental the structure of dicationic crystal and provide useful
clues for further improvement of solid-state electrolytes in DSSC.
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B INTRODUCTION

Solid-state dye-sensitized solar cells (ssDSSCs) have attracted
much research attention these days because they can overcome
the potential problems of leaking and sealing, flammability
issues, and electrochemical instability accompanied by the
liquid electrolytes.' ™ Thus, quasi-solid polymer electrolytes
and solid inorganic semiconductors were used as the
alternatives to liquid electrolyte.*”® However, because of the
thermodynamical instability of quasi-solid electrolytes under
the repeated exposure to solar heating””'’ (>70 °C for up to
10% of their operating life'") and the poor interfacial contact of
inorganic conductors arising from the fast crystal growth of the
inorganic materials, it is still a great challenge to develop
efficient and stable solid electrolyte materials.

Organic ionic crystals (OICs) are a kind of crystalline
compounds containing anions and cations whose properties
differ from those of the conventional crystals.'” In term of
structure, they are the solid-state analogues of ILs. On the other
hand, they overcome the fluidity of ionic liquids with holding
their unique suite of properties such as low volatility, low
flammability, and high chemical and electrochemical stability.'”
Although the ionic crystals themselves usually suffer from low
conductivity, they can provide the mechanism for fast
conduction of the doped ions as a chemically inert matrix."*
In view of the above ionic character, organic ionic crystals are
ionic conductors and a promising candidate for solid
electrolytes in DSSCs. Particularly compared with quasi-solid
electrolytes and inorganic semiconductors, these crystals show
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theoretically the better thermal-stability and excellent adjust-
ability of structure according to the request. However, the
research on OICs is still in the early stage, and sorts of
compounds involved in this field is extremely limited. So far,
most of the types of OICs are confined to the imidazolium-
based compounds, such as 1-methyl-3-acetylimidazolium iodide
(MA-II),"> N-propargyl imidazolium,"* carbazole-imidazolium
iodide,'® cyanobiphenyl-functionalized imidazolium,"> and
ester-functionalized imidazolium.'”~*° Therefore, the primary
issue is enriching the species of OICs to make in-depth research
on the solid electrolytes based on OICs.

In contrast with imidazolium, pyrrolidinium possess the
better electrochemical stability because of its nonaromatic
character.”’ And the excellent electrochemical properties have
made them have wide application in the lithium battery”>** and
quantum dot-sensitized solar cell.”> However, only few
pyrrolidinium-based OICs have been synthesized and applied
in ssDSSCs such as N,N -dimethylpyrrolidinium dicyanamide
([Cympyr][N(CN),] )¢ 1-methyl-1-ethylpyrrolidinium bis-
(trifluoromethanesulfonyl)imide (P;,TFSI),”” and 1-methyl-1-
ethylpyrrolidinium iodide (P;,I).**

In this work, we synthesized a novel kind of pyrrolidinium-
based OICs on the basis of our early research work about the
dictionic OICs (Figure 1).”” Through analyzing the crystal
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Figure 1. Chemical structures of the pyrrolidinium-based dicationic
crystals.

structure, there are ordered three-dimensional ionic channels in
these crystals, which is favorable for the ionic conductor to
achieve high conductivity and diffusion coefficient. We applied
these crystals as electrolyte matrix into ssDSSCs and achieved
photoelectric conversion efficiency of 6.02% under full air-mass
(AM 1.5) sunlight (100 mW-cm™2), superior to those of
devices with other pyrrolidinium-based OICs reported.

B EXPERIMENTAL SECTION

Materials and Reagents. Pyrrolidine, bromoethane, 1,4-dibro-
mobutane, 1,5-dibromopentane, 1,6-dibromohexane, 1,8-dibromooc-
tane, 1-ethyl-3-methylimidazolium iodide (EMII), 1-methyl-3-propy-
limidazolium iodide (MPII), 1,2-dimethyl-3-propylimidazolium iodide
(DMPII), 4-tert-butylpyridine (TBP), lithium iodide, potassium
hexafluorophosphate, and LiTFSI were purchased from Aladdin
Industrial Co. and used without any processing. Iodine, potassium
tetrafluoroborate, and H,PtClg (AR) were purchased from Sinopharm
Chemical Reagent Co., Ltd.. Organic solvents used in this work were
purified using the standard process. FTO transparent conductive glass
was used as the substrate for fabrication of TiO, thin film electrode
and purchased from Wuhan Geao Science Instruments Co.. TiCl,
(AR) and dye sensitizer (N719) were purchased from Tianjin Kemiou
Chemical Reagent Co., Ltd. and Wuhan Jingge Solar Energy Tech.
Co., Ltd, respectively. P25 particles were obtained from Evonik
Degussa (China) Co., Ltd..

Synthesis of lonic Crystals. The N-ethylpyrrolidine was prepared
according to the literature.’® The synthesis of ionic crystals was
achieved in two steps: the coupling reaction of N-ethylpyrrolidine with
a dibromoalkane and the anion exchange in suitable solvent. Bis(N-
ethylpyrrolidinium)dibromides were synthesized as follows: 11 mL
(0.09 mol) of N-ethylpyrrolidine and 0.03 mol of dibromoalkane were
added into 50 mL of acetone. The resulting solution was stirred at 90
°C for 72 h. The resulting mixture was filtered to obtain the white
precipitant. The crude product was washed successively by acetone,
petroleum ether and diethyl ether. The pure products were obtained
after vacuum drying at 40 °C for 24 h. '"H NMR of all the dicationic
crystals involved in the article (as shown in Figures S1-510); C
NMR of [C,BEP][Br], (n =4, S, 6, 8) (as show in Figure S1—S4 in
Supporting Information); ESI - MS of [C,BEP]([Br], (n = 4, S, 6, 8)
(as show in Figure S1 - S4 in Supporting Information). The anion

exchange step was achieved by a metathesis reaction of the bromide
salts with the corresponding anion salts. 0.003 mol of bromide salts
were dissolved in 10 mL of solvent (H,O or acetone) and treated with
0.015 mol of corresponding anion salt. The resulting solution was
stirred at room temperature for 24 h. The solvent was removed by
evaporation under reduced pressure. And the final product (white
solid) was dried under vacuum at 40 °C for 24 h. 'H NMR of
[C.BEP][BE,], (n = 4, 5, 6, 8) (as shown in Figures S5—S8); 'H
NMR of [C(BEP][X], (X = SCN~, TFSI") (as shown in Figures S9
and S10); IR spectra for [C,BEP][Br],, [C,BEP][BF,], (n=4,5, 6, 8)
and [C(BEP][X], (X = SCN~, TFSI") (as shown in Figure S11).

Preparation of Electrolytes. The electrolyte was made up with
four parts: ionic crystal matrix, I” source (DMPII or EMII), I, and
charge recombination inhibitor (TBP). All components were mixed in
the relevant molar proportion 0.1:0.1:0.02:0.01 and uniformly ground.
Then a solid-state electrolyte was obtained before the characterization
and fabrication of DSSC.

Device Fabrication of DSSC. FTO conductive glass was
successively washed by hydrochloric acid, ethanol, isopropanol and
distilled water in ultrasonic clearing machine for 30 min. The TiCl,
aqueous solution with 0.05 mol/L of concentration was prepared at 0
°C. The glass substrate was treated with the above TiCl, aqueous
solution at 80 °C for 1 h to make TiO, particles deposited onto the
FTO conductive glass, and then the compact TiO, layer was produced.
The FTO conductive glass was covered at two parallel edges with an
adhesive tape to shape a 1 cm X 1 cm area. The thick film of 20 nm
sized P25 particles was deposited onto the FTO conductive glass
electrode by the doctor-blade technique. The resulting TiO, film was
annealed at 450 °C for 30 min, by which the mesoporous TiO, film
was formed. The obtained TiO, electrode was cooled to 80 °C and
immersed in N719 ethanol solution with 0.5 mol/L of concentration
at room temperature for 15 h to complete the sensitizer loading. The
dye-sensitized TiO, electrode was washed with anhydrous ethanol to
remove the nonabsorbed dye and dried in vacuum drying oven.

The Pt counter electrode was prepared with pyrolysis method. The
0.05 mol/L H,PtCl4 isopropanol solution was put onto the cleaned
FTO conductive glass substrate. After it dried completely in the air, the
resulted FTO conductive glass was annealed at 380 °C for 30 min. The
above procedure was repeated twice, and then the Pt counter electrode
was eventually formed.

Solid-state dye-sensitized solar cell was fabricated by sandwiching
the ionic crystals-based electrolytes into the space between the dye-
sensitized TiO, electrode and the Pt counter electrode using the knife
coating method to form a 1 cm” area sheet. The two electrodes were
clipped together by hot press (under 0.18 MPa of pressure at 135 °C
for 35 s) and a 100 pm thick heat-sealing film was used for the sealing
of the cell.

Characterization. '"H NMR and *C NMR were characterized
with a Bruker Avance 400 MHz spectrometer. And IR spectra were
recorded on a Bruker Tensor 27 spectrometer. The molecular weights
were confirmed by MALDI-TOF Bruker mass spectrometer. The XRD
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Figure 2. (a) SEM image and (b) XRD pattern of crystals [C4BEP][Br],.
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measurements were performed on a Rigaku D/Max-RA X-ray
diffractometer equipped with graphite-monochromatized high-inten-
sity Cu Ka radiation (1 = 1.5418 A). Single crystal was obtained from
ethanol at room temperature and measured on an Oxford GEMINI E
X-ray single crystal diffractometer. The surface morphology was
determined by a scanning electron microscope (SEM). The thermal
properties of crystals were measured with a Thermoanalyzer Systems
(Q1000DSC+LNCS+FACS Q600SDT) at a scanning rate of 10 °C/
min in the temperature range of 20—600 °C under N, atmosphere.

The ionic conductivity of the ionic crystals electrolytes was
determined by the electrochemical impedance measurements with
an ordinary cell composed of Teflon tube and two conductive glass
electrodes which were a square with 1 cm” on the side on a CHI660d
electrochemical workstation at room temperature over the frequency
range of 1 MHz to 1 Hz. The steady-state voltammetry was tested in
an electrochemical cell equipped with a 0.05 mm radius platinum
ultramicroelectrode as the working electrode, a platinum foil as the
counter electrode, and a saturated calomel electrode as reference
electrode.

The photocurrent intensity vs. photovoltage (J—V) curves of the
devices were acquired with a Keithley 2400 source meter under
standard AM 1.5 solar illuminations at intensity of 100 mW cm ™2 The
electrochemical impedance spectra (EIS) for devices were tested with
an CHI660d electrochemical workstation equipped with three
identical stainless steel electrodes as the working, counter and
reference electrodes, respectively, under dark state. The spectra were
performed at various forward bias voltages from —0.70 to 0.8 V in the
frequency range 1 X 10° to 0.01 Hz. Incident monochromatic photo-
current conversion efficiency (IPCE) curves of DSSCs were measured
by QTest Station 2000 IPCE Measurement System (Crowntech,
USA).

B RESULTS AND DISCUSSION

Crystal Structure of lonic Crystal. The crystal properties
of the organic dicationic compounds were confirmed by the
SEM images and XRD patterns, as shown in Figure 2 and
Figure S12. Figure 2a shows room temperature SEM picture of
the pure [C(BEP][Br], as a white solid. From the image, we
can see the crystals of [C4BEP][Br], show the slice shape with
the crystal sizes from 5.1 to 14 pm. And the textured structure
and flat surfaces of [C(BEP][Br], are clear, which can
demonstrate the crystal nature of this material. Figure 2b
shows the XRD pattern of [C,BEP][Br],. The sample shows
strong diffraction peaks, which is also a clue for the crystal
nature of this material. However, because of the lack of
standard diffraction data, the crystal structure can’t be
determined according to the present patterns.

To clarify the structure of dicationic crystal, we obtained the
single crystal of [C(BEP][Br], by slow evaporation of a ethanol
solution, as shown in Figure 3. A summary of the crystal data is
given in Table 1. To the best of our knowledge, this is the first
structural information on this dication. The result of the X-ray
analysis of crystal [C(BEP][Br], exhibits the existence of the
[C,BEP]*" dication, two bromide anions, and four water
molecules in the unit of a triclinic cell. When the nonaromatic
rings are joined to the ends of hexamethylene, the resulting
heterocyele shows an elongated shape with two nitrogen atoms,
in which the distances for C'—C? C>-C3, and C>*-C* are
1.5165, 1.5042, and 1.524S A, respectively. Considering only
0.2° of the torsion angle for C', C? C* and C* (or for C'%, C*,
C*, and C*), we consider these four carbon atoms to be
roughly on the same plane in each pyrrolidinium ring. N® and
N atom lies outside the above plane with the distance of
0.5767 A in the opposite side. So two pyrrolidinium rings exist
in envelope conformation. It is worth noting that the plane
including C', C?, C% and C" is exactly parallel with that of C'?,
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Figure 3. Single-crystal structure of cation of [C¢BEP][Br],.
Hydrogens and bromines are omitted for clarity.

Table 1. Summary of Crystal Data for [C(BEP][Br],

cryst syst triclinic z 1

space group  PT p (caled) (g/em®) 1.373

a (&) 7.0543 (3)  F (000) 270.0

b (A) 8.2313 (3) 20 range (deg) 7.974—144.544
¢ (A) 11.3765 (4)  reflns collected 11523

a (deg) 95.832 (3)  GOF on F* 1.103

B (deg) 99582 (3) R, wR,” [I > 26()] 0.0370, 0.0972
7 (deg) 104.964 (4) 0.27/-0.81

largest diff peak/hole (e
A7)

a

R, = Y IIE| — IEI/ Y IE|

R, = Y [w(B* = E2?1/ Y (B 12

C**, C** and C** with the distance of 0.24 A in each [C,BEP]*"
dication.

The crystal structure of [C4BEP]** contains only one type of
stacking, face-to-face stacking (Figure 4), which is different
from that of [C,(mpy),]** dication (1,1’-(propane-1,3-diyl)-
bis(1-methylpyrrolidinium)) with the similar structure synthe-
sized by Armstrong’s group.’' The two pyrrolidinium rings of
neighboring molecules are exactly parallel (the dihedral angle
between pyrrolidinium rings of different molecules is 0°) and
alternately arrange as Figure 4a shown. Ring plane/ring plane
distance between pyrrolidinium rings of different molecules are
3.67 and 2.78 A, respectively. Figure 4b is the packing diagram
taken along a-axis of [C4BEP]** dication. The perspective view
confirms the presence of ordered three-dimensional ionic
channels, which is favorable for the ionic conductor to achieve
high conductivity.

Thermal Properties of lonic Crystals. The fundamental
thermal properties of dicationic ionic crystals were performed
with thermalgravimetric analysis (TGA, 5% weight loss) and
differential scanning calorimeter (DSC) (as shown in Figures
S13 and S14), and the results were summarized in Table 2.

As depicted in Figures S13a and Sl4a, TGA curves of
[C,BEP][Br], (n = 4, S, 6, 8) show one stage decomposition
behavior. [C4BEP][Br], has the decomposition temperatures at
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Figure 4. (a) Face-to-face stacking and (b) packing diagram along the a-axis for cation of [C4BEP][Br],.

Table 2. Thermal and Physical Properties of [C,BEP][X],

M, appearance T, b i

compd (g/mol) ) @® Y
[C,BEP][Br], 414.09° white crystal 16359 25115
[C,BEP][Br], 428.10% white crystal 243.57 27164
[C4BEP][Br], 442.11¢ white crystal 4 283.05
[C4BEP][Br], 470.14" white crystal 4 276.71
[C(BEP][BE,], 455.91¢ white crystal 17040  289.67
[CBEP][TFSI],  842.60° white crystal 8646  265.56
[C(BEP][SCN],  39847° white crystal 9043  411.88

“Molecular weight measured by mass spectrometry. bMelting point.
“Decomposition temperature. “These compounds decomposed before
melting.

approximately 280 °C, and [C¢BEP][TFSI], is thermally stable
until about 260 °C. So these ionic crystals show good thermal
stabilities. The phase transition behaviors for these compounds
were examined. As shown in Figures S13b and S14b, these ionic
crystals do not exhibit transition behavior in experimental
temperature. Most of compounds have melting points above
150 °C, even the lowest melting point that [C,BEP][TFSI],
shows is higher than 70 °C (the higher working temperature of
DSSC outdoor). From the previous study, structural factors
were found to affect the melting point of geminal dicationic
compounds: (1) the nature of the dication, (2) the length of
the linkage chain selparating the geminal dication, and (3) the
nature of anion.’”*” Comparing the melting points of
[C,BEP][Br], (n = 4, S, 6, 8), it is obvious that the spacer
length between two pyrrolidinium cations does not play an

important role. To see the effect of the anions, we synthesized
the bis(pyrrolidinium)hexane salts paired with different anions.
In this series of compounds, the melting point of tetrafluor-
oborate salt is usually higher than those of the Br~, TFSI™, and
SCN™ salts.

lonic Conductivities and Diffusion Coefficients of
lonic Crystals. Apart from thermal stability, the ionic
conductivity is another critical factor for the photovoltaic
performances of DSSC."” According to our previous work
experience, the conductivity of tetrafluoroborate salt is usually
superior to those of other salts. Therefore, the ionic
conductivities of the pyrrolidinium tetrafluoroborate based
ionic crystals with different alkylene linkage chains and different
counteranions containing the solar cell additives (not including
TBP) were obtained by EIS technique (as presented in Figure
S), and the values were calculated according to the equation
inserted in Figure Sa, where o is the conductivity in S/cm, R is
the ohmic resistance of the electrolyte, | is the distance between
the two electrodes and S is the area of the electrodes. And the
values were summarized in Table 3. The data generally reveal
conductivities in the range 1 X 10™* S/cm for all ionic crystals
based electrolytes examined. The conductivities of [C,BEP]-
[BF,], (n =4, S, 6, 8) based electrolytes rank in terms of alkyl
chain length: 6 > 8 > 5 > 4. The ion conductivities increase
from 1.39 X 107* S/cm to 2.92 X 10™* S/cm when the value of
n increase from 4 to 6, and then decrease to 1.99 X 107 S/cm
as n is equal to 8. The similar trend was observed in the
benzothiaozole-based dicationic conductors that we synthesized
previously.” We suppose that this tendency is closely
associated with the ion-conductive channel in the electrolyte
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Figure S. Nyquist plots for (a) [C,BEP][BF,], (n =4, 5, 6, 8) and (b) [C(BEP][X], (X = BF,, Br, TFSI, SCN) and MPII-based electrolyts.
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Table 3. Ionic Conductivities and D, (1;7) of the Ionic Crystal-Based Electrolytes

electrolyte conductivity (X 107" §/em) L, (I") (x 107 A) D, (IN) (x 107 em?/s) L, (I,7) (x 107 A) D, (I,7) (X 107° em?/s)
[C,BEP][BF,], 1.39 0.134 0.477 0.617 0.879
[CsBEP][BF,], 145 0.161 0.574 0.676 0963
[C4BEP][BF,], 2.92 0.716 2.551 0.941 1.341
[C4BEP][BF,], 1.99 0290 1.033 0.887 1.264
[C4BEP][Br], 123 0262 0933 0.819 1.167
[C4BEP][TESI], 398 1.524 5430 2.564 3.654
[C4BEP][SCN], 342 1.336 4760 1.656 2.360
MPII 5.03 0.469 1671 1.729 2,464
0.8 2
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Figure 6. Steady-state voltammograms of (a) [C,BEP][BF,], (n = 4, S, 6, 8)
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Figure 7. J—V curves of devices based on the electrolytes using (a) [C,BEP][BF,], (n = 4, S, 6, 8) as matrixes and (b) [C,BEP][X], (X = BF,, Br,
TFSI, SCN) as matrixes under 1.5 sun light intensity illumination and in dark conditions. Inset: under dark conditions.

because of the relatively suitable saturated carbon chain and the
ion-conductivity layer number per unit length.”” The anion
species of crystals greatly affect the conductivity. [C,BEP]-
[TFSI], based electrolyte displays the highest room temper-
ature conductivity, 3.98 X 107* S/cm, which is a third higher
than that of [C,BEP][BF,], based one. [C,BEP][SCN],-based
electrolyte closely follows; the electrolyte with the lowest
conductivity is [C(BEP] [Br],. The above data demonstrate
both the alkylene chain and the anion in dicationic crystals have
significant influence on the electrochemical property of this
kind of compounds.

Regeneration of dye sensitizer molecules by reducing species
contained in the electrolyte is a key mechanism in DSSC device

21385

because it competes kinetically with a detrimental charge
recombination process.” If triiodide ion does not diffuse fast
enough, it will have an influence on the dye regeneration, which
results to the lower performance of device.”* Hence it is
necessary to characterize the influence of ionic crystal structure
on the apparent diffusion coefficients of triiodide/iodide, D,
(I,7)/Dyyp (I7). In our experiment, D, (I;7)/Dyy, (I7) of
[C,BEP][BE,], (n = 4, 5, 6, 8) and [C,BEP][X], (X = Br,
TFSI, SCN) were determined by the steady-state voltammo-
grams (as shown in Figure 6). The values were calculated
according to the equation inserted in Figure 6a, where n is the
number of electrons per molecule, F is the Faraday constant, C
is the concentration, and r is the radius of the electrode. And
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the calculated values were summarized in Table 3. The
changing trends in D, of the I"/I;” redox couple are similar
to that of the ion conductivity, and the [C,BEP][TFSI], based
electrolyte shows the highest D, (I;7) of 3.654 X 107¢ cm?/s,
which is significantly higher than that of [C4BEP][BF,],-based
electrolyte. To illustrate the role of ionic crystal matrix, we
substituted the crystal matrix to the ionic liquid with high
conductivity, MPIL>**® and measured the relational parameters
(as shown in Table 3). The diffusion coefficients of triiodide
ion for [C(BEP][TFSI], and MPII are 3.654 X 107 cm?/s and
2.464 X 107% cm?/s, respectively. The superior Dy, (I37) of
[C(<BEP][TFSI], indicates that the crystal structure with three-
dimensional channel is beneficial to the ion diffusion.
Photocurrent—Density—Voltage Characteristics of
DSSCs. To further investigate the ionic crystal-based electro-
Iytes, they have been incorporated into DSSCs devices in
combination with the N719 dye, and photovoltaic performance
was performed under AM 1.5 illumination as shown in Figure
7. The detailed parameters are given in Table 4. Figure 7 shows

Table 4. Device Performances of DSSCs with Different
Electrolytes

Jee Ve FF PCE

electrolytes (mA/cm?) V) (%) (%)
[C,BEP][BF,],/DMPII/I, 6.2 071  66.79 2.94
[CSBEP][BF,],/DMPII/I, 6.58 072 6670 3.16
[C(BEP][BE,],/DMPII/I, 8.39 0.78  66.62 4.36
[CBEP][BF,],/DMPII/I, 7.95 075 6122 3.65
[C¢BEP][Br],/DMPII/I, 7.84 079  61.19 3.79
[C¢BEP][SCN],/DMPIL/I, 9.05 0.76  66.30 4.56
[C4BEP][TFSI],/DMPII/1, 8.98 0.78  68.10 4.77
[C¢BEP][TESI],/EMII/I, 12.04 0.76  64.26 5.88
[C¢BEP][TFSI],/MPII/1, 12.35 075  60.13 5.57
[C(BEP][TESI],/DMPII/ 12.33 0.81  60.28 6.02

MPII/I,

the photocurrent density-photovoltage (J—V) curves of DSSCs
using [C,BEP][BF,], (n=4,5,6,8) and [C,BEP]X, (X = Br,
TFSL, SCN) based electrolytes under AM 1.5 sun illumination
and in dark condition. In the serials of [C,BEP][BF,], (n = 4,
S, 6, 8) based electrolytes, the DSSC employing [C,BEP]-
[BF,], gives a short-circuit photocurrent density of 8.39 mA/
cm?, open-circuit voltage of 0.78 V, and PCE of 4.36%. These
parameters were clearly lower than those for the DSSC
prepared with [C{BEP][TFSI], (J,. = 8.98 mA/cm?, V,_ = 0.78
V, and PCE = 4.77%). Higher J. benefits from better ionic
conductivity and larger ionic diffusion coefficients.'”*’

The raise found for the value of V. in [C,BEP][TFSI],-
based electrolyte could be ascribed to the remarkably higher
Dy (I,7) and conductivity of the electrolyte with the
[C(BEP][TFSI],. The value of V,. for DSSC with I"/I;~
redox electrolyte can be represented by the following
equation38

et )

€ ncbket[IS ] (1)
where k and T are the Boltzmann constant and absolute
temperature, respectively, I;;; is the injection current from dye
to semiconductor, ny, is the electron density on the conduction
band of the semiconductor, and k,, is the rate constant for I~
reduction. According to the eq 1, the higher V. of the
[C4BEP][TFSI],-based electrolyte is related to the suppression

of the dark current at the TiO, electrode/electrolyte interface.*
The dark current originates from the reduction of triiodide by
conduction band electrons from TiO,.*’ At the interface of the
dye-sensitized TiO, photoanode and electrolyte, a higher
diffusion coefficient of triiodide can promote the transport of
triiodide to the Pt counter electrode for the iodide form, thus
ensuring a lower triiodide reduction rate (k) and a higher
V,.."" As shown in Figure 7a, the onset of dark current has a
positive shift of about 200 mV from the [C,BET][BF,],-based
electrolyte to [C(BEP][TFSI],-based electrolyte. As mentioned
above, the drop of dark current is attributed to the higher
triiodide diffusion coefficient in the [C;MBT][TFSI],-based
electrolyte.

Besides investigating the influence of ionic crystal on the
performance of cell, the effect of I” source was also checked by
fabricating the [C,BEP][TFSI], based DSSCs with different I~
source, such as EMII, MPII, and MPII/DMPI], as shown in
Figure 8 and Table 4. When using the mixture of DMPII and

20
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16 |-
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Figure 8. J—V curves of [C,BEP][TFSI], based devices with different
I” source under 1.5 sun light intensity illumination.

MPII as I” source (the molar proportion of DMPII/MPII =
0.05:0.05), the all-solid-state DSSC device produced a J,. of
12.33 mA/cm? a V.. of 0.81 V, and an FF of 60.28%,
corresponding to a PCE of 6.02%. The superior efficiency can
be attributed to the significant raise of J,, increasing by 2.56
mA/cm’ compared with that of device using DMPII as I~
source.

From Table 4, it is worthwhile to note that the change of
values of ], is most notable than other photovoltaic parameters
as the changes of length of alkylene chain and anion, from the
minimum of 6.2 mA/cm* ([C,BEP][BF,],/DMPII/I, based
device) to maximum of 12.33 mA/cm’ roughly doubled
([C(BEP][TESI],/DMPII/MPII/I,-based device). This can
be ascribed to enhanced triiodide diffusion coeflicient.
Photocurrent collection strongly depends on the speed of
charge transport in the electrolyte, and the concentration of
triiodide is much lower than that of iodide which is diffuses
faster than the former in practical electrolytes.””** Hence, the
overall charge transport is determined by the motion of
triiodide. To address this, we measured the D,,, (I;”) of
[C4BEP][TFSI],-based electrolytes with different I~ sources
(as shown in Table S). The cell based on [C(BEP][TFSI],/
DMPII/MPII/I, electrolyte with the highest efficiency of 6.02%
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Table S. D,,, (I;7) of [C(BEP][TFSI],-Based Electrolytes
with Different I” Sources

Iss (I_) Da (I_) Iss (13_) (X Da (13_) (
I" source (X 1077 A) (X 107 cm?/s) 1077 A) x 10-¢ cm?/s)
DMPII 1.524 5.430 2,564 3.654
DMPII/ 1.359 4.842 3.285 4.681
MPII

shows the highest D,,, (I,”) of 4.681 X 107° cm?/s for five
times that of the device with [C,BEP][BF,],/DMPII/IL,. Thus,
the trend of J. in DSSCs matches well with the results of D
(I;7) in electrolytes.

Electrochemical Impedance Spectra of DSSCs. Electro-
chemical impedance spectroscopy (EIS) measurements have
been utilized to describe the effect on the J—V characteristics of
several interfacial charge-transfer and transport mechanisms
occurring in DSSC.*> We addressed the impedance spectros-
copy of devices using the different pyrrolidinium based ionic
crystals as matrixes for electrolytes, as shown in Figure 9. And
Table 6 presents the parameters of the cells measured. At
applied potentials, typical impedance spectra of a dye-sensitized
solar cell show three arcs in Nyquist plot.”* The main
contribution to the high-frequency semicircle arises from the
parallel connection of C, and R, which is the charge-transfer
resistance at the counter electrode/electrolyte interface.* The
intermediate-frequency is the combination of C, and R,, which

app

Table 6. Parameters Obtained by the EIS of the Devices
Fabricated with Different Electrolytes

Rs Izﬁt fmax
electrolyte Q) R (Q) () (Hz) 7, (ms)
[C,BEP][BE,],/DMPII/I, 533 6228 4972 19456  8.180
[C.BEP][BE,],/DMPI/L, 441 6401 4293 19056 8352
[C(BEP][BE,],/DMPI/, 342 6043 17.19 18.858 8440
[C,BEP][BE,],/DMPII/I, 392 6281 2857 18984 8384
[C,BEP][Br],/DMPI/L, 484 7805 2386 22541  7.061
[CBEP][SCN],/DMPIl/ 244 5274 1762 18598 8558
L
[CBEP][TFSI],/DMPII/ 213 7317 1198 5883  27.053
L
[CBEP][TESI],/DMPII/ 223 8591 1382 2556 62267
MPIL/L,

is a charge-transfer resistance related to recombination of
electrons at the TiO,/electrolyte interface.”> The low-
frequency corresponds to Ry which is the charge-transfer
resistance concerned with the diffusion of I;~ in the electrolyte.
Furthermore, there is the other resistance in cell, R, which is a
series resistance accounting for the transport resistance of the
TCO. The resistance given by the sum of R, R,, Ry, and R is
the total resistance of device. Within a very good approx-
imation, this impedance spectrum may be modeled by the
equivalent circuit inserted in Figure 9a.
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Figure 9. (a) Nyquist plots and (b) fitted Bode phase plots of the devices with [C,BEP][BF,], (n = 3, 4, S, 6) based electrolytes under dark
condition; (c) Nyquist plots and (d) fitted Bode phase plots of the devices with [C(BEP][X], (X = BF,, Br, TFSI, SCN) and different I" source-

based electrolytes under dark conditions.
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Table 6 shows the value of R, in DSSC with [C,BEP]-
[TFSI], is 73.17 Q, which is superior to other those in the
series of DSSCs with [C,BEP][X], (n =3, 4, 5, 6) (X = BF,,
Br, TFSI, SCN). It indicates that the electron recombination
can be effectively inhibited in device with [C(BEP][TFSI],,
which agrees quite well with the results of dark current (Figure
7b). As using the mixture of DMPII/MPII as I” source, the
value of R, has a further increase, reaching to 85.9 €, which
makes this cell with the lower rate constant for I;~ reduction
(k) and further leads to the higher V. (0.81 V) compared
with that of device with [C,BEP][TFSI],/DMPII (0.78 V).

Contrary to the changing trend of the values of R, the values
of R, approximately tail off in the series of DSSCs with
[C,BEP][X], (n =3, 4,5, 6) (X =BF,, Br, TESI, SCN) until
the device with [C(BEP][TFSI], shows the lowest value, 21.3
Q (Table 6). This low value of R, contributes to the favorable
fill factor (FF) and high overall efficiency in device with
[C(BEP][TFSI],.*

Comparing with the values of R, and R,, those of R, show
obvious difference in devices with [C,BEP][X], (n =3, 4, S, 6)
(X = BE,, Br, TESL, SCN). In DSSC with [C(BEP][TFESI],,
11.98 Q of the value of R, is only one-quarter of that of device
with [C,BEP][BF,],. As pointed out above, R, is associated
with the charge transfer at electrolyte/Pt-FTO interface, I;” —
I", of which the smaller value implies the easy of reduction of
triiodide. Therefore, apart from R, and R,, the low value of R,
mainly facilitates the device with [C(BEP][TFSI], to show high
efficiency. The lowest value of R, may be explained by the
good interfacial compatibility of electrolyte with Pt counter
electrode. We tried to illustrate the penetration of the
electrolyte on Pt electrode by FESEM photograph of the
cross-section views, but we failed because the layer of PtCl, is
too thin to be characterized. Then we employed cyclic
voltammetry (CV) to determine the interfacial compatibility
of electrolyte, using symmetrical Pt electrode sandwiched with
ionic crystal-based electrolyte (as shown in Figure 10).
[C(BEP][TFSI],/DMPII and [C(BEP][TFSI],/DMPII/MPII
based electrolytes have the peak current densities of 16.51 mA/
cm’” and 16.71 mA/cm? respectively, which are higher than the
values for other electrolytes. It confirms that the Pt counter
electrodes show remarkably catalytic activity for [C4BEP]-
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Figure 10. Cyclic voltammetry spectra of ionic crystal-based
electrolytes.

[TFSI], based cells which favor the reduction of I~ to I". This
result is in good agreement with the parameters obtained by
EIS.

The effective lifetime of the electron (z,) before recombi-
nation in the dye-sensitized TiO, electrode is a important
parameter to discuss the performance of cell. And the values
were calculated according to the equation inserted in Figure 9b,
where f,.., is the maximum frequency of the midfrequency peak
of the Bode phase plot.*® The f,... and the electron lifetime
were also summarized in Table 6. As we can see, the devices
with [C,BEP][BF,], (n =4, S, 6, 8) show the electron lifetimes
from 8.180 to 8.440 ms, remaining nearly unchanged. However,
the anion change from BF,” to TFSI™ for [C,BEP][X], crystals
makes the electron lifetime increase more than three times,
which indicates that the anion has more significant influence on
the value of 7, than the length of alkylene chain in crystal. When
changing I” source to the mixture of DMPII/MPII, the value of
7. is affected more, rising to nearly eight times, which is one of
the reasons that photovoltaic performance of this cell is
superior to those of other cells. Taking into account that the
electron lifetime is the product of R, and C,, 7, = R,C,, we think
that the longer electron lifetime may be introduced by the
higher value of R, in the cell with [C,BEP][TFSI],/DMPII/
MPIL

IPCE of DSSC. The incident photon to current conversion
efficiency (IPCE) of the device based on [C4BEP][TFSI],/
DMPII/MPII is shown as an example in Figure 11. It exhibits a
maximum of 51% at 530 nm is reached for the electrolyte.
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Figure 11. Incident photon to current conversion efficiency of the
device based on [C(BEP][TFSI],/DMPII/MPIL.

Long-Term Stability of DSSC. After successfully testing
the photoelectric performances of DSSCs, the long-term
stability of the device based on the solid electrolyte with
[C(BEP][TFSI],/DMPII/MPII was recorded over a period of
960 h (as shown in Figure 12 and Figure S15 in Supporting
Information), and the data were summarized in Table S1 in
Supporting Information. As compared to the initial perform-
ance parameter, there are the drops of 0.99 mA/cm? and 0.04 V
in the values of J. and V_ after 960 h, respectively. The device
retained approximately 92% of the initial efficiency after 960 h,
confirming the very high stability of the device.
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Figure 12. Evolution of the photovoltaic parameters of device with
[C(BEP][TFSI],/DMPII/MPII during 960 h.

B CONCLUSION

Using pyrrolydinium-based ionic crystal as matrix has led to the
discovery of new solid-state electrolyte for DSSC. The
microstructure with three-dimensional ionic channels in this
kind of ionic crystals makes ionic crystals with good
conductivity and diffusion efficiency, and then ensures the
high efficiency and excellent stability. An efficiency of 6.02%
have achieved in full sunlight on the optimized condition. By
studying the influence of crystal structure on the electro-
chemical properties and device performances, we found that the
length of the linkage chain separating the geminal dication and
the nature of anion have the marked impact on the
electrochemical properties of ionic crystal, therefore influence
the performance of device. We believe that our findings on
dicationic crystals will provide useful clues for further
improvement of solid-state electrolytes.
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