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Surface NH2-rich nanoparticles: Solidifying ionic-liquid electrolytes
and improving the performance of dye-sensitized solar cells
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h i g h l i g h t s g r a p h i c a l a b s t r a c t

� Surface NH2-rich nanoparticle (A-
SiO2) with a tightening network is
synthesized.

� A-SiO2 could solidify ionic-liquid
electrolyte in much less amount
(5 wt%).

� The best efficiency of DSCs based on
ionic-liquid gel electrolyte is up to
8.1%.
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a b s t r a c t

The surface properties of nanoparticles have a significant influence on the properties of the gel elec-
trolytes. Herein, the surface NH2-rich nanoparticle (A-SiO2), with a tightening network, is synthesized by
silanizing SiO2 nanoparticles with pre-polymerized aminopropyltriethoxysilane, which is further
employed to prepare ionic-liquid gel electrolytes for dye-sensitized solar cells. The addition of a small
amount of A-SiO2 can effectively solidify the ionic-liquid, whereas a large number of NH2 groups on the
SiO2 surface leads to a large negative shift of the TiO2 conduction band edge, and can react with I3� in the
form of a Lewis complex, resulting in an increase in the concentration of I� and a decrease in the con-
centration of I3

� in the electrolyte. In addition, the ionic-liquid gel electrolyte possesses thixotropic
behavior, which allows it to easily penetrate into the inner part of the TiO2 mesoporous film. As a result,
large improvements of the photovoltage from 695 mV to 785 mV and of the photocurrent from
13.3 mA cm�2 to 14.9 mA cm�2 are achieved. This leads to significant enhancement of the power con-
version efficiency, from 6.2% to 8.1%, for the cell with A-SiO2 compared to that of the pristine ionic-liquid
electrolyte.

© 2017 Published by Elsevier B.V.

1. Introduction

Dye-sensitized solar cells (DSCs) have aroused intense interest
due to their potential application in the fabrication of cost-effective
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renewable energy devices [1e3]. To further improve the power
conversion efficiency (PCE) of DSCs, many efforts have been exer-
ted, including the synthesis of more efficient sensitizers, prepara-
tion of alternative working and counter electrodes and
optimization of electrolytes [4e7]. Recently, the addition of nano-
particles to ionic-liquids has been shown to be an effective way to
optimize the performance of electrolytes, with the resulting gel
electrolytes having high conductivity, solid-like mechanical
strength and excellent interfacial contact [7e13]. Various nano-
particles such as SiO2, TiO2 or carbon-based materials have been
investigated. In addition, modified nanoparticles, such as ZnO
capped with long alkyl chains and SiO2 modified with 3-
aminopropyltriethoxysilane [8,11,12], were also used to obtain gel
electrolytes. The performance of DSCs can be improved by adding
various nanoparticles in ionic-liquid electrolytes, whereas effi-
ciencies of 5%e7%were achieved for ionic-liquid-based quasi-solid-
state DSCs without any additional organic solvents.

Research has shown that the surface properties of nano-
particles have a significant influence on the properties of the gel
electrolytes. Additionally, it was found [11,12] that increasing the
amount of nanoparticles modified with 3-
aminopropyltriethoxysilane continuously enhanced the photo-
voltage (Voc), which is ascribable to the increased concentration of
NH2 groups on the nanoparticles. However, in this system, a large
amount of nanoparticles (�15 wt%) is usually required to achieve a
desired gel. Since SiO2 is non-conductive, the larger amount of
SiO2 in the electrolyte will lower the photocurrent (Jsc) of the DSC.
As a result, the improvement in photovoltaic performance is
rather limited. To solve this problem, we modified the surface of
SiO2 nanoparticles by increasing the amount of NH2 groups
attached on the SiO2 nanoparticle to produce an NH2-rich nano-
particle (A-SiO2). The surface NH2-rich nanoparticle, with a
tightening network (Scheme 1), is synthesized by introducing a
pre-polymerized coupling agent with abundant NH2 groups and
inorganic-philic groups onto the SiO2 nanoparticle. As a conse-
quence, the gelation is improved, and only a small quantity of A-
SiO2 (5 wt%) is required to solidify the ionic-liquid. More impor-
tantly, we note that the use of an A-SiO2 solidified electrolyte to
fabricate DSCs leads to a large enhancement of all the photovoltaic
parameters, achieving a PCE of 8.1% under the illumination of
100 mW cm�2 (AM 1.5) (increased by 30.6% compared to ionic-
liquid based DSCs). To the best of our knowledge, this is the first
time that such a high efficiency is achieved for ionic-liquid based
quasi-solid-state DSCs without a volatile component.

2. Experimental

2.1. Synthesis of A-SiO2

A-SiO2 was prepared as shown in Scheme 1. The pre-
polymerized (3-amniopropyl)triethoxysilane (p-APTS) was syn-
thesized as follows: 0.36 g of H2O was mixed with 6.63 g of APTS
(Alfa) by stirring for 24 h, 0.04 g of Ca(OH)2 was added, and the
mixture was kept under 300 Pa at 80 �C for 1 h. The 1H NMR signals
for the p-APTS protons were shifted upfield and broadened
compared to those of APTS. This confirmed the formation of the
APTS pre-polymerization [14]. A-SiO2 was obtained by refluxing
SiO2 with p-APTS in toluene for 48 h. The solid product was filtered,
washed with chloroform and dried at 90 �C. The final product was
designated A-SiO2. Characterization data: FTIR n (p-APTS, cm�1):
960, s, SiOEt; FTIR n (A-SiO2, cm�1): 3391 and 2933, s, NH2; 1300,
vb, SiOSi and SiOC; 795, s, SiC.

2.2. Preparation of electrolytes and assembling of DSCs

The ionic-liquid electrolyte (denoted as HA) is composed of
guanidinium thiocyanate (GuNCS) (Acros), N-methyl-
benzoimidazole (NMBI) (Alfa), I2 (Acros), 1-hexyl-3-
methylimidazolium iodide (HMII) and 1-allyl-3-
methylimidazolium iodide (AMII) (prepared according to the
literature [11]) with a molar ratio of 1.2:1.2:1:8:8. The gel electro-
lytes were prepared by grinding an appropriate amount of A-SiO2
with HA. The fabrication procedure for DSCs followed previous
reports [15e17]. The cells were fabricated by spreading the afore-
mentioned electrolytes on the dye-sensitized TiO2 electrode, and
then pressing the Pt counter electrode on that. The cell was
0.20 cm2 in active area. The thicknesses of the TiO2 electrodes
before and after penetration of the electrolyte calculated from SEM
images (Fig. S1) are about 6.53 mm and 7.33 mm respectively.
Therefore, the thickness of gel electrolyte layer is approximately
0.8 mm.

2.3. Measurements and instruments

The I-V measurements were performed as previously reported
[17]. The nanoparticles were characterized by FTIR (Tensor 27
spectrometer) and transmission electron microscopy (TEM) (Tecnai
T20). Thixotropic behavior measurements were performed on a
programmable cone/plate-type viscometer (spindle CPE-41, HBDV-

Scheme 1. Schematic representation of the A-SiO2 synthesis routine.
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