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Dye-sensitized solar cells (DSSCs), different in principle from the conventional solar cells based on p—n
junctions, are competitively cost-effective. For development of this kind of emerging solar cell, it is very
significant to reduce their cost and improve their energy conversion efficiency to the maximum extent.
In this article, ternary composites (Ni-PANI-G composites) consisting of nickel nanoparticles, polyaniline
(PANI), and graphene (G) were prepared for the first time and used as counter electrodes to replace the
noble metal Pt in DSSCs. In the case of PANI, the introduction of Ni nanoparticles can improve the
electrocatalytic ability for the reduction of triiodide ions in the counter electrode, while in the meantime,
the addition of graphene in the Ni—PANI-G composites can increase the electrical conductivity of the
counter electrode. The optimized DSSCs fabricated by using the Ni-PANI-G composites as the counter
electrode exhibit an overall power conversion efficiency of 5.80% compared to 5.30% for reference
platinum (Pt) counter-electrodes. Electrochemical impedance spectra (EIS) show that the charge-
transfer resistance at the interface between electrolyte and counter-electrode in the case of the ternary
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DOI: 10.1039/cBra00934a composite is obviously decreased. These results are significant to develop low-cost counter electrode

rsc.li/rsc-advances materials for DSSCs.

Introduction

Since the dye-sensitized solar cell (DSSC) with relatively high
power conversion efficiency was reported by O’Regan and
Gritzel in 1991, it has attracted much attention due to its
remarkable efficiency, low cost, stability, and simple fabrication
process." Though some other solar cells such as perovskite solar
cells and organic solar cells have emerged in recent years, DSSC
is still one of the most promising alternatives for next genera-
tion solar cells with its efficiency improvement and cost
reduction.?

In general, a DSSC comprises a nanocrystalline titanium
dioxide (TiO,) electrode modified with a dye, a platinum-loaded
counter electrode and an electrolyte solution between the elec-
trodes. The counter electrode is one of the most important
components in the DSSC because it reduces the redox species
used as a mediator in regenerating the sensitizer after electron
injection. The conventional platinum-loaded counter electrodes
are undoubtedly expensive, therefore developing platinum-free
counter electrodes is an important way to reduce the cost of
a DSSC. Some platinum-free counter electrode materials like
graphite, carbon black, carbon nanotubes and conducting
polymers have been investigated over the past few years.>*®
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Polyaniline (PANI) is well known as an important electronic
conducting polymer due to its many desirable qualities such as
low cost, environmental stability, and high degree of process-
ability. PANI has been employed as the counter electrode for
DSSCs, and has exhibited electrocatalytic activity for the
reduction of triiodide ions.?***> However, both the electro-
catalytic activity and electrical conductivity of PANI still need to
be improved to suit the requirements of an ideal counter elec-
trode for a DSSC. To improve the electrocatalytic activity, an
efficient method is introducing more active sites in PANI. Ni is
a proficient catalytic material, and Ni nanoparticles with a high
surface area usually have excellent catalytic properties in many
catalysis processes.”*>® On the other hand, to improve the
electrical conductivity further, a suitable conductive material
should be added. Graphene is an allotrope of carbon, possess-
ing high conductivity, huge specific surface area and great
mechanical strength. It is expected to be an ideal two-
dimensional conductive material. In DSSCs, graphene does
not seem to be the right candidate for a counter electrode, in
view of the limited number of active sites for I; /I electro-
catalysis.***® However, graphene can form an efficient conduc-
tive network in the electrode due to its two-dimensional
characteristics. Therefore, it could be imagined that the nano-
composites of graphene, Ni and PANI should be able to provide
a better performance in DSSCs as the counter electrode.

In this article, novel ternary composites consisting of nickel
nanoparticles, graphene and PANI (Ni-PANI-G composite) were
prepared and used as counter electrodes to replace Pt in DSSCs.

This journal is © The Royal Society of Chemistry 2018
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It was expected that the introduction of Ni nanoparticles and
graphene could improve the final performance in DSSCs.

Experimental

Materials

Graphene, nickel acetate (Ni(CH3;COO),-4H,0, 98%), hydro-
chloric acid (HCI, ACS reagent, 0.5 mol L™ "), glycol, ammonium
persulfate (APS, 98%), ammonia (NH,OH, anhydrous, 5%) and
phenylamine (reagent grade, 98%), sodium hypophosphite,
sodium citrate and sodium hydroxide (anhydrous, 2mol L %), N-
methyl-pyrrolidone (NMP) and t-camphorsulfonic acid (CSA)
were purchased from Sigma Aldrich and used without any
further purification.

Preparation of PANI

The aniline monomer (22 mmol) was added into a 25 mL water
solution followed by vigorous stirring. The APS solution was
prepared by adding the APS powder (11 mmol) to the 5.76 M
HCI solution (15 mL). At the desired reaction temperature, the
APS solution was introduced drop by drop into the monomer
solution. The obtained PANI was washed and dried to give the
green emeraldine salt form of the PANI powder. The as-
prepared PANI was deprotonated with a NH,OH 1 M aqueous
solution. The dedoped PANI was rewashed followed by a drying
step.

Preparation of Ni nanoparticles

10 mmol Ni(CH3COO),-4H,0 and 5 mmol sodium citrate were
gradually added into 70 mL glycol and magnetically stirred for
5 h at room temperature until the solution turned emerald-
green, and this was magnetically stirred for 5 min at 100 °C.
2 mol L' sodium hydroxide was gradually added until the
solution did not change any more. Then 6 mmol sodium
hypophosphite was gradually added into the solution and it was
stirred for 10 h at 140 °C.

Preparation of Ni-PANI-G composites

Graphene (G) and PANI at different weight ratios were added to
a constant amount of the Ni nanoparticles (30%) and the
formula is shown in Table 1. The Ni-PANI-G composites were
prepared as follows: PANI and graphene (G) were gradually
mixed with the Ni nanoparticles (30%) and magnetically stirred
for 0.5 h. 60 mL distilled water was added and stirred for
another 5 min, vacuum filtered, and washed with distilled water

Table 1 The formulation of the Ni—PANI-G composites

Ni nanoparticles

Samples PANTI (wt%) (Wt%) Graphene (wt%)
PG1 69 30 1
PG2 67 30 3
PG3 65 30 5
PG4 63 30 7
PG5 61 30 9
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until the filtrate was colorless, and then washed with 15 mL
ethanol, dried overnight, then the purple black solids were
obtained. The obtained product was ground for 1 h with 5 mL
NMP, 8 g CSA and 5 mL NMP gradually added successively.
Then 150 mL distilled water was added. The resultant product
was collected via vacuum filtration, followed by washing with
absolute ethanol several times and drying overnight.

Preparation of Ni-PANI-G composite counter electrodes

Fluorine doped tin oxide (FTO, 80% transmittance in visible
light, Hartford Glass Co.) glass substrates were cleaned with
anhydrous ethanol and de-ionized water to remove organic
pollutants and other contaminants, and then ultrasonically
washed in acetone for 1 h.

1.5 mL m-cresol was gradually added into the prepared 0.1 g
Ni-G-PANI composite nanoparticles, and magnetically stirred
for 1 h. The obtained solution was coated on a clean FTO glass
substrate by using a syringe (aperture 450 nm).

Fabrication of photoanodes

A TiO, film was deposited on an FTO glass substrate by screen
printing. Firstly, 20 nm TiO, nanoparticles were printed and
then calcined at 500 °C for 60 min. The same print process was
repeated five times. Secondly, 200 nm thick TiO, was printed as
a spherical layer and calcined at 500 °C for 60 min. The obtained
TiO, film was made into a circle with an effective area of 0.23
cm?, and was immersed in 0.3 mM N719 ethanol solution for
24 h.

Fabrication of solar cells

DSSCs were assembled by clamping the prepared TiO, photo-
anode and the obtained counter electrode together, and filling
the electrolyte in the aperture between the electrodes. The
electrolyte is made of acetonitrile with 0.05 M I,, 0.1 M Lil, 0.6 M
1, 2-dimethyl-3-propylimidazolium iodide (DMPII), and 0.5 M 4-
tertbutyl pyridine.

Characterization

The surface morphology and structural properties of Ni-PANI-
G were analysed by using a high-resolution field-emission
scanning electron microscope (SEM, JEOL JSM-7600F). The
surface morphology of the prepared nanostructures was evalu-
ated by using a JEOL JEM-2010 transmission electron micro-
scope. The phase and crystallinity of the prepared
nanostructures were assessed by Rigaku-X-ray powder diffrac-
tion. X-ray photoelectron spectroscopy (XPS) was accomplished
by using a PHI 5000 Versaprobe ULVAC-PHI, and the back-
ground pressure in the analysis chamber was controlled at 10>
Pa. to measure the electrical conductivities of the prepared
nanostructures.

Electrochemical measurement

A computer-controlled Zahner IM6e potentiostat was used to
carry out the cyclic voltammetry (CV) measurement of the
resulting counter-electrodes. A Pt wire and an Ag/AgCl were

RSC Adlv., 2018, 8, 10948-10953 | 10949
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used as the counter-electrode and the reference electrode,
respectively. The resulting Ni-PANI-G composite (or Pt) coated
FTO-glass substrate was used as the working electrode. The CV
measurement was performed in the potential range of —0.2 to
1.2 V with a scan rate of 50 mV s™' in an acetonitrile solution
containing 10 mM Lil, 0.5 mM I, and 0.1 M tetra-n-buty-
lammonium tetrafluoroborate. The electrochemical impedance
spectroscopy (EIS) measurements were performed by using the
same potentiostat with a frequency analysis module (FDA). The
AC signal had an amplitude of 10 mV in the frequency range
from 0.1 Hz to 100 KHz at 0.8 V (V,.) DC bias under dark
conditions. The current density versus voltage (/-V) character-
istics of the devices were tested under AM 1.5 illumination
(Xenon lamp, Newport 67005) at a light intensity of 100 mW
em™>. The same light source coupled with a monochromator
and trans-impedance amplifier was used for incident photon-to-
current conversion efficiency (IPCE) measurements.

Results and discussion

The crystalline structures of the as-synthesized nanomaterials
were characterized by using X-ray diffraction. Fig. 1 shows the
XRD pattern of the Ni-PANI-G composites with 30 wt% Ni and
various amounts of graphene. PG1-5 means 1 wt%, 3 wt%,
5 wt%, 7 wt% and 9 wt% of graphene, respectively. In the
diffraction patterns of the ternary Ni-PANI-G composites, the
diffraction peaks at 260 = 15° and 26 = 25° demonstrate the
parallel and vertical periodic intervals of polyaniline polymer
chains, respectively. The diffraction peak at 6§ = 26° is ascribed
to the reflection of graphene, as reported in many papers.
Though the amount of nickel is up to 30 wt%, no diffraction
peak of metallic nickel appears in the XRD patterns. This
indicates that Ni nanoparticles are small sized and highly
dispersed in the PANI. With the increased proportion of gra-
phene in the composites, the intensity of the diffraction peak
located at 26° increases with gradually rising intensity. In the
meantime, the diffraction peaks of PANI relatively decrease,
gradually showing a better dispersion. This result demonstrates
that graphene is suitable as a conductive skeleton in the
composite materials. In addition, in all samples, diffraction
peaks for metallic nickel are not observed.

The morphology, particle size and dispersion of the prepared
materials were investigated by using SEM and the obtained

Wk“m PG3
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Fig.1 The XRD pattern of PG1-5.
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images are shown in Fig. 2. The SEM images in Fig. 2a and
b show the representative morphology of the Ni nanoparticles
and Ni-PANI particles, respectively. It was found that the pure
nickel nanoparticles are nearly sphere-like, the particle size is
uniform and around 100 nm, and the particles tend to aggregate
into around two-micrometer particles. The pure Ni nano-
particles are not very suitable to be directly used as the CE of
DSSCs, because the aggregation of metal nanoparticles could
reduce their specific surface area and electrocatalytic proper-
ties. On the other hand, the existence of larger secondary
particles increases the transmission of electrons between
particles, which hinders the rapid transfer of charge in the
electrode. Therefore, Ni nanoparticles are a disadvantage of
their performance in both electrocatalysis and conductivity.

Fig. 2c-g show the SEM images of the ternary composites Ni-
PANI-G with the various amounts of graphene, 1 wt%, 3 wt%,
5 wt%, 7 wt% and 9 wt%, respectively. It can be observed from
the images that, with the increasing content of graphene, the
PANI particles and metal nickel nanoparticles are linked
together to form a cross-linked structure. As mentioned above,
the cross-linked structure is more favorable for the rapid
transfer of charge. Herein, as a two-dimensional soft material,
graphene is a conductive skeleton, which is fully consistent with
the original design of the composite materials. With the
increasing content of graphene, the mixed graphene and
particles are more and more obvious. Considering the catalytic
active site of the electrode material, we chose 9 wt% G doped
with 30 wt% Ni-PANI in our experiment.

Fig. 2h and i show the SEM images of the centre and edge of
the cross-section of the ternary composite Ni-PANI-G with
9 wt% of graphene film, respectively. It can be seen that the
spin-coated film has a relatively thick center and thin edge. The
thickness of the thickest part of the film is about 900 nm, and
there are many surface defects on the film which can increase
the surface area of the counter electrodes. The reason might be
the high viscosity of the composite after dissolution and the
solvent volatilization during the spin-coating process leaving
wavy defects on the surface of the film.

Fig. 2 (a and b) Scanning electron microscopy (SEM) of Ni nano-
particles. (c—g) SEM of PG1-5. (h and i) SEM of a cross-section of PG5.

This journal is © The Royal Society of Chemistry 2018
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As shown in the TEM images of the ternary composite in
Fig. 3, the PANI shows amorphous character, and Ni nano-
particles with a size of about several nanometers. The crystalline
lattice of Ni can be observed and corresponds to a metallic state.
In TEM observation, it is difficult to clearly observe graphene in
the sample due to the small amount of graphene adhered to
PANI.

XPS results for the ternary nanocomposite PG5 are shown in
Fig. 4. The Ni 3p profile can be fitted into four peaks where the
binding energies of Ni 3p;/, are respectively located at 852.4,
854.8, 858.6 and 861.2 eV. The strongest peak at 852.4 eV is
indexed to metallic nickel, and the adjacent peak at 854.8 eV is
from NiO. The other two peaks are actually satellite lines of the
Ni and NiO respectively. The results show that nickel in the
ternary composite mainly exists as metallic nickel and the
surface is oxidized unavoidably when the sample is exposed in
air. In the case of C 1s, besides the main peak at 284.6 eV,
a small peak at about 285.7 €V can be observed that is attributed
to the signal of C bonding to amine in PANI In addition, the
peak of N 1s located at 400.0 eV is consistent with nitrogen in
PANL. In general, there is no obvious interaction among the Ni,
C and N elements in the ternary composite.

To evaluate the photovoltaic performances of DSSCs con-
structed with the prepared counter electrodes, photocurrent
density-photovoltage (J-V) curves were recorded under light
illumination of 100 mW ¢cm™> (1.5 AM). Fig. 5 and Table 2 show
the photovoltaic performance J-V curves of the corresponding
solar cell using the ternary composites with 1 wt%, 3 wt%,
5 wt%, 7 wt% and 9 wt% of graphene, respectively. It can be
seen from the photovoltaic parameters, with the increasing
content of graphene in the composite materials, the fill factor
(FF) of the solar cells shows a significant enhancement, indi-
cating that graphene can improve the conductivity and elec-
trocatalytic activity of the composite materials. The DSSC
fabricated with PG 5 exhibits J,. of 13.43 mA cm 2 associated
with a V.. of 0.745 V, n of 5.30 and FF of 0.53. From the
comparison of the data, the ternary nanocomposite counter

Fig. 3 TEM images with different magnifications of PG5.
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electrode performance is comparable with that of the conven-
tional Pt counter electrode. In general, the DSSC performances
are purely dependent upon the electrocatalytic activity and fast
electron transfer of the counter electrodes while other cell
components remain identical. The improved DSSC perfor-
mances obtained for the ternary Ni-PANI-G are attributed to
the fact that graphene can improve the electrical conductivity of
the composite materials.

Cyclic voltammetry (CV) is an efficient method of analyzing
the catalytic mechanisms that occur in an electrochemical
system. Fig. 6 shows CV results obtained from Pt and Ni-PANI-
G composite counter-electrodes. The pair of oxidation and
reduction peaks on the left affect device performance in DSSCs,
which directly relates to the reactions (1) and (2), while the
corresponding reduction peak is located at —0.4 V. The reduc-
tion of I~ is a key step during the process. It can be seen from
Fig. 6 that the corresponding reduction process of PG1 is not
obvious and the current density is smaller than that of the Pt
electrode. The results show that the electrocatalytic ability of the
PG1 composite is relatively weak. With the increasing content of
graphene, the position of the reduction peak of I;~ gradually
shifts to the left (more negative), which indicates that the
catalytic capacity of the electrode becomes gradually lower. At
the same time, the current density of the electrode increases
gradually, indicating that the corresponding composite has
many more active sites, which might be due to the role of the G
conductive skeleton. According to experimental data, the
composite PG5 with 9 wt% G had the largest current density.
Therefore, the Ni-PANI-G composite can be used as a highly
efficient electrocatalytic counter-electrode to replace Pt in
DSSCs.

—0—PG1
—A—PG2

2

Current Density/(mA cm™)

0 + 1 + 1 + 1 1
0.0 0.2 0.4 0.6 0.8

Voltage/V

Fig.5 Photocurrent—voltage characteristic curves of DSSCs of PG1-5
film as counter electrodes.
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Table 3 Equivalent circuit parameters of EIS from CE-CE cells

Sample Jse (MA cm™2) Voe (V) n% FF Counter electrode R R (Q) Zw (Q)
PG1 (1% G) 14.89 0.727 5.22 0.48 FTO/Pt 32.3 11.01 6.43
PG2 (3% G) 13.45 0.719 5.25 0.54 PG1 35.8 12.43 7.55
PG3 (5% G) 11.36 0.754 4.74 0.54 PG2 31.4 14.41 4.91
PG4 (7% G) 11.56 0.719 5.32 0.64 PG3 32.6 12.48 5.82
PG5 (9% G) 13.43 0.745 5.80 0.58 PG4 32.2 12.52 4.98
pt 12.92 0.772 5.30 0.53 PG5 31.8 10.78 4.88

Current dentsity (mA cm™)
o

T T T T T T T
-10 -08 -06 -04 -02 00 02 04 06 038

Potential (V, Vs Ag/Ag’)
Fig. 6 Cyclic voltammograms of the Ni-PANI-G, and Pt electrodes

with a scan rate of 50 mV st in 10 mM Lil and 1 mM I, acetonitrile
solution containing 0.1 M LiClO4 as the supporting electrolyte.

I~ +2 © 3 1)
2137 «> 312 + 2e” (2)
I;7 + 2 — 317 (3)

The electrocatalytic performances of the as-prepared
counter-electrodes were further evaluated by electrochemical
impedance spectroscopy (EIS). To eliminate the influence of the
photoanode, the symmetrical dummy cells are made with two
identical Pt or Ni-PANI-G composite electrodes deposited onto
FTO-glass substrates and measured from 100 kHz to 0.1 Hz with

-Z" (omg)

0+ L N, N SO S s S
30 32 34 36 38 40 42 44 46 48 50 52 54 56
Z' (omg)

Fig. 7 Equivalent circuit (the inset) and Nyquist plots of the symmetric
cell with two identical counter electrodes, where the solid lines
represent simulated results. The cells were measured with the
frequency range of 100 kHz to 100 mHz at the same bias potential.

10952 | RSC Adv., 2018, 8, 10948-10953

an amplitude of 10 mV under dark conditions. Fig. 7 shows the
Nyquist plots of Pt and Ni-PANI-G composite counter-
electrodes. Z' and Z" are the real and imaginary parts of the
impedance, respectively. An equivalent circuit has also been
applied to interpret the measurements taken on the above
counter-electrodes as shown in Fig. 7, where R is the ohmic
series resistance, R. is the charge transfer resistance on the
electrode-electrolyte interface, Z, is the Nernst diffusion
impedance of the I /I, redox couple in the electrolyte solution,
and CPE is the constant phase element describing the capaci-
tance of the counter-electrode.’”*®* The semicircle at high
frequency is formed from the charge transfer process at the
counter-electrode-electrolyte interface. The Ry in the equivalent
circuit corresponds to the overall series resistance, which is
calculated by the high-frequency intercept of the semicircle on
the real axis. The Ry and R, results are extracted from fitting the
Nyquist plots as shown in Table 3. We can see from the table
that the R.. of the composite electrodes (PG2, PG3, PG4 and
PG5) could be comparable to the R, of Pt-FTO. With the
increase of G content, the R, of the composite electrodes (PG2,
PG3, PG4 and PG5) declines. It is demonstrated that the addi-
tion of graphene (G) could reduce the R, of the Ni-PANI-G
composite electrodes. The R of the PG5 composite electrode is
10.78 Q cm?® which could compare to 11.01 Q cm?® in the Pt
electrode. The smaller R, of the Ni-PANI-G composite elec-
trode implies a faster charge transfer at the counter-electrode—
electrolyte interface as a result of the higher exchange current
density, in agreement with CV results. The high electrocatalytic
activity of the Ni-PANI-G composite is attributed to its large
surface area provided by beaded graphene nanosheets and good
electrical conductivity brought by the incorporated Ni nano-
particles. Moreover, the Ry value of the Ni-PANI-G composite
electrode is 31.8 Q cm?, which is slightly higher than the R, of
32.3 Q cm’ of the Pt electrode. It could be concluded that the
addition of the G as the conductive skeleton improves the
conductivity of the electrode, accelerates the electrocatalysis
process of the whole material, and also improves the dynamic
process of the counter electrode.

Conclusions

In summary, a series of ternary Ni-PANI-G nanocomposites
were prepared and used as cost-effective counter-electrode
materials for DSSCs for the first time. The introduction of gra-
phene and Ni nanoparticles in Ni-PANI-G composites can
significantly improve the electrochemical performance. This

This journal is © The Royal Society of Chemistry 2018
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can be attributed to the graphene which decreases the charge-
transfer resistance at the interface between electrolyte and
counter-electrode, leading to the high catalytic performance
and conductivity. Compared to the DSSCs based on Pt counter-
electrodes, the Jy, Vo and FF values of the DSSCs made of Ni-
PANI-G composites are slightly higher. The power conversion
efficiency achieved by using this novel counter-electrode was
5.80% compared to 5.30% using solution-processed Pt counter-
electrodes. This suggests that the Ni-PANI-G composite is
a promising, low-cost effective counter-electrode material with
similar efficiency to Pt counter-electrodes for the DSSC
application.
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