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Magnetic-Field-Assisted Aerosol Pyrolysis Synthesis
of Iron Pyrite Sponge-like Nanochain Networks as
Cost-Efficient Counter Electrode in Dye-sensitized
Solar Cell

Zhanhua Wei?, Yongcai Qiu?, Haining Chen?, Keyou Yan?, Zonglong Zhu?, Qin
Kuang? and Shihe Yang*2

Aerosol pyrolysis of Fe(CO)s in an atmosphere of sulfur vapor under magnetic field is shown to
controllably produce iron pyrite (FeS,) three-dimensional nanochain networks. The formation
processes of the FeS; nanochain networks is systematically studied: (1) thermal decomposition
of Fe(CO)s followed by Fe nanoparticle assemble into one-dimensional chains and then three-
dimensional networks under magnetic field, and (2) subsequent sulfurization in sulfur vapor
atmosphere to form a sponge-like thin film of FeS; nanochain networks. Control experiment
performed in the absence of magnetic field yielded randomly packed FeS, nanoparticles, rather
than the inter-connected nanochain networks. The nanochain networks and their surfactant-free
surfaces brought about by our new synthesis will enable a host of photoelectric applications. For
example, when used as counter electrode for dye-sensitized solar cell, the FeS;, nanochain
networks are almost as efficient as noble Pt, and more impressively, their catalytic activity faded

by only 8% after above 2000 cycles. This work opens up fresh opportunities to make smart use
of earth-abundant materials in areas of sustainable energy and environment.

Introduction

Pyrite (B-FeS2), the so-called fool’s gold, is attracting growing
interest for the next generation photovoltaics due mainly to its
earth-abundance, low-cost and nontoxicity, coupled with a
number of desirable properties including an exceptionally large
optical absorption coefficient (o > 10° cm™ in the visible light
region), a sizable minority carrier diffusion length (100-1000
nm) and an ideal band gap (0.95 eV).1"!! The classical synthesis
of FeS: nanoparticles is exemplified by the hot-injection
method (an organic solution process)!? 13 giving rise to FeS:
nanocrystals with various morphologies such as nanowires,
nanocubes and nanosheets.'*16 However, the as-prepared FeS:
nanoparticles were invariably coated with long alkyl chain
surfactants, which were commonly considered to cause serious
interfacial contact problems in thin film materials and thereby
hinder the intended electronic and photoelectronic applications.
Therefore, new methods other than the conventional wet-
chemical solution process are sorely needed for the preparation
of surface clean pyrite nanoparticles that are inter-connected
and can be assembled into a well-defined mesoscopic thin film.
One of the possible applications of such mesoscopic films is
in dye-sensitized solar cells (DSSC).1"22 A typical
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configuration of DSSC consists of working electrode,
electrolyte solution with a redox mediator and counter electrode.
Counter electrode, as an indispensable part of DSSC, is
bifunctional: extracting electrons from the external circuit and
catalyzing the reduction of Is. Typically, fluorine doped tin
oxide glass (FTO) loaded with noble metal platinum is used as
standard counter electrode in DSSC. Although Pt has excellent
catalytic activity for the reduction of I3~ in DSSC, it is scarce
and expensive, thus unsuitable for the industrial development.
Extensive efforts have been made to exploit new materials as
counter electrodes for DSSC, such as carbon materials
(graphene, carbon nanotubes),?*?¢ conductive polymers,2’: 28
and transition metal compounds (nitrides, carbides, oxides,
sulphides and selenides).?*-3 However, these materials still
suffer from low efficiency, poor thermal stability and corrosion
resistance. Therefore, the development of Pt-free counter
electrodes for DSSC using cheap and earth-abundant materials
remains an outstanding goal. Very recently, surfactant coated
iron pyrite nanoparticles were prepared by the conventional
hot-injection method, and when used as counter electrodes for
DSSC after removing the surfactants, promising results were
obtained.3* Further performance improvements are expected if
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the surfactants are entirely avoided and the nanoparticles are
better assembled in the synthesis process.

Herein, we report a scalable and continuous aerosol
pyrolysis preparation route for pure and clean pyrite three-
dimensional (3D) nanochain networks. Our method is based on
magnetic field assisted assembly of in-situ generated Fe
nanoparticles from Fe(CO)s acetone aerosol, and subsequent
sulfurization in sulfur vapor atmosphere to form the FeS:
nanosponge. The main advantageous features of our synthesis
method are: (1) The product has a sponge-like 3D nanochain
network morphology, which is beneficial to facile charge
transport; (2) The nanoparticle surfaces are clean and free of
surfactants, a feature which is essential for fast charge transfer
kinetics; (3) Above all, it is a simple and mass production
process for a low-cost material. Indeed, when employed as
counter electrode for DSSC, the as-prepared pyrite nanochain
network is nearly as efficient as noble Pt and the excellent
catalytic activity exhibited no significant decay after above
2000 cycles.

Experimental

Preparation of FeSz sponge-like 3D nanochain network

The setup of pyrolysis synthesis is schematically shown in
Figure 1A and was installed in a fume hood. Iron pentacarbonyl
precursor (Fe(CO)s, 0.2 M) was prepared by mixing 1 mL of
Fe(CO)s with 37 mL of acetone. After nitrogen-purging, the
precursor solution was pumped into a home-made ultrasonic
atomizer (1.7 MHz). The precursor solution was atomized into
aerosol, which was carried by N2 gas into a customized three-
neck flask. The bottom of the flask was thermally blown into a
flat shape to optimize the contact with a heating plate. The
pyrolysis reactions were confined in the flask, which was kept
at 400 °C by the heating plate (the magnetic stirring function
was turned off and the magnetic-field intensity was measured to
be ~1.5 mT at the reactor) or a heating mantle (no magnetic
stirring function). To synthesize FeS: products, 0.2 g of sulfur
was loaded into a semi-closed container, which was located at
the bottom but off center of the flask. The final product was
harvested by a filter paper which was placed on one of the flask
necks.

Preparation of FeSz and Pt counter electrodes

First, the as-prepared FeS: nanochain network powder was
dispersed in isopropanol (IPA) to prepare a painting suspension
(2 mg mL1), and then drop-casted on a FTO glass to form a
thin film. The thickness was adjusted by repeating the coating
process. In addition, the film was compressed (50 MPa, 1 min)
to further promote the inter-particles connection.

Pt counter electrode was prepared according to the well-
documented thermal platinization: the Pt catalyst was deposited
on an FTO glass by drop coating of H2PtCls solution (2 mg mL"

1, isopropanol), followed by heat treatment at 400 °C for 15 min.

Material characterization
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Powder X-Ray diffraction (XRD) data was collected on an
X’pert Pro (PANalytical) with Cu Ko radiation. Brunauer-
Emmett-Teller (BET) surface area was measured with Counlter
SA 3100 Surface Area and Pore Size Analyzer. Morphologies
of as-deposited FeSz thin film were directly examined on
JEOL6700F Scanning electron microscope (SEM) at an
accelerating voltage of 5 kV. Transmission electron microscope
(TEM) and high resolution transmission electron microscope
(HRTEM) observations were carried out on a JEOL 2010
transmission electron microscope operating at 200 kV. Film
thickness was determined by a Tencor Alpha-Step 200 surface
profiler system and confirmed by three consecutive
measurements. Raman measurement was conducted with
Renishaw 2000 laser Raman microscope equipped with a 514.5
nm 20 mW argon ion laser of 2 mm spot size for excitation.
The magnetic field intensity was detected by F.W. BELL 4048
gauss meter.

Fabrication of DSSC

Firstly, active TiO2 nanoparticles (~20 nm) and scattering TiO2
microparticles (~400 nm) were prepared following a previous
report.’® Films for solar cell test (photoanodes) were deposited
by the screen printing method and carved into a circle (diameter
of 5.5 mm). Post treatment included first calcination (450 °C,
30 min), TiCls treatment (40 mM, 75 °C, 30 min) and second
calcination (500 °C, 30 min). After the films were cooled down
to about 80 °C, they were immersed into a 0.5 mM N-719 dye
solution in a mixture of acetonitrile and tertbutyl alcohol
(volume ratio, 1:1) and kept at room temperature for 20—24 h to
ensure complete sensitizer uptake. Thereafter, the films were
washed with ethanol and dried in air. The dye-coated electrodes
were finally assembled into sandwich solar cells together with
the platinum or FeS:z counter electrodes, and sealed with a hot-
melt gasket (25 pum, Surlyn films 1702). A solution of 0.6 M
BMII, 0.03 M 12, 0.10 M guanidiniumthiocyanate and 0.5 M 4-
tertbutylpyridine in a mixture of acetonitrile and valeronitrile
(volume ratio, 85:15) was used as electrolyte, and was injected
into the sealed cell through a pre-drilled hole by the vacuum-
infusion method.

Evaluation of catalytic activity and solar cell performance

Cyclic voltammograms (CV) and Tafel curves were recorded
with an electrochemical analyser (CHI660D, Chenhua,
Shanghai). CV measurements were conducted in a three-
electrode configuration with an argon-purged electrolyte
solution (electrolyte: 10 mM Lil, 1 mM Iz and 0.1 M LiClOg4 in
acetonitrile) at a scan rate of 20 mV s, a Pt wire counter
electrode and a Ag/AgCIl reference electrode. Symmetrical
sandwich cells for Tafel polarization and electrochemical
impedance spectroscopy (EIS) tests were fabricated by
clamping two identical counter electrodes and sealing with a
hot-melt gasket (50 pum, Surlyn films). The light source
(Newport solar simulator, model number 6255, 150 W Xe lamp,
AM 1.5 global filter) was calibrated to 1 sun (100 mW cm™)
using a silicon reference solar cell equipped with KG-5 filter. A
5 mm diameter circular mask was used to define the

This journal is © The Royal Society of Chemistry 2012
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illumination area of the cells to be tested and block the
reflecting light. J-V characteristic curves and EIS were
recorded using an IM6x electrochemical workstation
(ZAHNER-Elektrik GmbH & Co., KG, Germany). EIS was
performed from 1 MHz to 50 mHz on symmetrical dummy
cells (bias: 0 V), with the amplitude of the AC voltage was set
at 10 mV. The EIS spectra were fitted by the Zview software.

Results and discussion

Preparation and characterization of FeSz sponge-like nanochain
network

Heatmg plate
0°C +S,300°C

Ultrasonic atomizer

400
Fe(CO)—> Nano Fe —) FeS,

Figure 1. (A) Schematic diagram of magnetic field assisted aerosol pyrolysis
preparation of FeS, nanochain network. Left: ultrasonic atomizer supplies

Fe(CO)s acetone aerosol; Right: magnetic-filed (1.5 mT) assisted aerosol pyrolysis,

reactions and product collection. (B) Oblique and (C) top view SEM images of the
as-prepared FeS, nanochain network. The inset in (C) is the corresponding
enlarged SEM image. (D) TEM and (E) HRTEM images of the as-prepared FeS,
nanochain assemblies.
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attached to one of the flask necks for further characterization
and device assembly without extra purification steps.

Figure 1B and 1C show the SEM images of the as-prepared
product, exposing a nice sponge-like morphology with
numerous micrometer-sized pores. The high-magnification
SEM image in Figure 1C reveals that the sponge-like structure
is actually made up of 3D nanochain networks, in which the 1D
nanochains are randomly interlaced with one another. More
structural information is provided by TEM images Figure 1D
and 1E. As indicated by red circles in Figure 1D, the pores are
built from such nanochain networks whose basic morphology is
still retained even after intense ultrasonic treatment in the TEM
sample preparation. This implies that the connectivity of
nanochains is numerous, branched and robust. Two factors can
contribute to such a structurally firm mechanically stout
connectivity. First, the nanochains have a zig-zag morphology
at a small length scale but are branched at larger length scales
as can be seen in Figure 1C and 1D. Second, the welding
between primary nanoparticles inside nanochains can be
directly observed from the TEM image in Figure 1E. Clearly
seen in the inset of Figure 1E is a close-up of a welding-
induced necking, which actually displays a coherent lattice
fringe across the adjoining nanocrystals with a spacing of 0.270
nm corresponding to the (100) plane. The HRTEM image
divulges that the primary nanoparticles are 10-20 nm in size
and, aside from the (100) lattice fringe, the lattice fringe of (210)
is also observed with a spacing of 0.230 nm. Of note, such a
continuous chain network structure is preferable for the
expeditious transport of elemental excitations such as charge
carriers, heat, etc., a salient feature which is important for
electrochemical catalysis as will be demonstrated below.

>

B

5 — FeSy nanochain —FeSp a7
g
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z z
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Figure 2. XRD and Raman characterization of the FeS, nanochain network. (A)
XRD data shows perfect matching to the standard XRD pattern of iron pyrite
(FeS,); (B) Raman spectrum of the as-prepared FeS; nanochain network supports
the pure pyrite phase.

As schematically illustrated in Figure 1A, Fe(CO)s aerosols are
generated by a ultrasonic atomizer and then transported to the
customized three-neck flask by N2 carrier. Fe nanoparticles are
immediately formed by thermal decomposition of Fe(CO)s and
subsequently assembled into 1D nanochains mediated by the
magnetic field. The Fe nanochains are then sulfurized in the
presence of the hot sulfur vapor forming FeS: (see the
experimental section and the following discussion for more
details). A fluffy black powder is harvested by a filter paper

This journal is © The Royal Society of Chemistry 2012

To confirm the purity of FeSz phase, XRD and Raman
spectroscopy were employed as independent crystallographic
and spectroscopic probes, respectively. As shown in Figure 2A,
the XRD pattern of the sample matches well with the standard
pattern of pyrite phase (JCPDS no. 01-1295). Note that all the
diffraction peaks are obviously broadened, indicating the nano-
size of the crystallites. The crystallite size estimated from the
broadening of the (200) peak by the Scherrer equation
(D=kA/Bcosb) is 15 nm, consistent with TEM observations. The
Raman spectrum of the sample is shown in Figure 2B. Three
feature peaks of pyrite located at 335 cm™ (strong), 371 cm™?

J. Name., 2012, 00, 1-3 | 3
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(strong), and 421 cm™ (weak) are clearly observed, and there
are no measurable peaks of other phases such as marcasite
(about 323 cm). This verifies the pyrite phase of the as-
prepared FeS2 nanochain network and its phase purity.

Magnetic field induced assembly

The reactions involved in the synthesis of the FeSz nanochain
network are given below:

=120 °C .
Fe(CO)s Fe+5C0 (1)

200 °C .
Fe+2S-—— FeS, (2)

The thermal decomposition of Fe(CO)s (equation 1),35-%7 and
the magnetic field induced assembly of the nascent Fe
nanoparticles and the like has been well-documented.3¥-42 To
ascertain the magnetic field induced assembly in our case, the
synthesis was conducted by removing the S source but under
otherwise identical reaction conditions. The resulting
characterization data are presented in Figure S1, showing that
the final product is still a sponge-like 3D nanochain network
but in a FesO4 phase. Plausibly, the initial Fe nanosponge did
form but was unstable in the air and hence oxidized to FesOa.
We can thus conclude that the magnetic field mainly directs the
assembly of initial Fe nanoparticle formed due presumably to
their large ferromagnetic moments. Figure 3A schematically
illustrates the magnetic field induced process and the stepwise
reactions (reaction 1 and 2). In general, each aerosol droplet is
an independent reaction unit. On reaching the pyrolysis
chamber at an elevated temperature, evaporation of acetone and
decomposition of Fe(CO)s takes place at the same time. Due to
the combined effect of the magnetic field and the high
temperature, the Fe nanoparticles are assembled and welded
into nanochain networks, and subsequently transformed to the
FeS2 nanochains networks via sulfurization (equation 2). To
vindicate the critical role of the magnetic field in the assembly
process, we removed the magnetic field by switching the
heating hotplate to a heating mantle while keeping other
reaction conditions unchanged. In marked contrast, the
resulting product contains no nanochain networks as shown in
Figure 3B. Instead, the primary Fe nanoparticles tend to
aggregate and melt together so as to minimize surface energy at
the reaction temperature. After sulfurization, the final product
became FeS: molten-nanoparticles. Therefore, the magnetic
field has evidently played a critical role in assembling the
observed nanochain networks by enhancing the dipole-dipole
interactions amid the thermal motion and the random spatial
distribution of the primary nanoparticles.

4| J. Name., 2012, 00, 1-3
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Figure 3. The formation process of the FeS, nanochain network. (A) Aerosol
pyrolysis of Fe(CO)s, magnetic field assisted assembly, and reaction with S lead to
the formation of the FeS, nanochain network; (B) Direct aerosol pyrolysis of
Fe(CO)s and reaction with S without magnetic field only produce FeS, molten-
nanoparticles (the reaction conditions are the same as in (A) except for the
absence of the magnetic field).

From TEM images in Figure 3, it is evident that the
surface area of the nanochain network is larger than that of the
molten-nanoparticles. Indeed, from BET measurements (see
Figure S2), the specific surface area of the molten-nanoparticles
is only about 37.70 m? g*. By contrast, the as-prepared FeS:
nanochain network has a relatively large BET surface area of
54.46 m? gl. The smaller surface area of the FeS: molten-
nanoparticles can be attributed to the melting aggregation
process, in which the nanoparticles are fused together so as to
minimize surface free energy. In contrast, the magnetic field
guides the assembly process preferentially along the field
direction, resulting in the higher specific surface area.

Catalytic activity of the FeSz sponge-like 3D nanochain network

The FeS: 3D nanochain network is desirable for efficient
charge transport and the surfactant-free mesoscopic surfaces are
beneficial to electrochemical catalytic activity. For this purpose,
we chose to evaluate its counter electrode performance in
DSSC. The catalytic activity is studied together with control
samples of molten-nanoparticles as well as the commonly used
Pt electrode.

The FeS2 nanochain network and molten-nanoparticles
thin films were prepared by drop-casting method, followed by
compression post treatment, which significantly improved the
inter-particle connection and the overall thin film quality (see
Figure S3 and S4). The Pt thin film was prepared by thermally
platinizing a precursor film deposited with an H2PtCle IPA
solution. For the clarity of presentation, the Pt counter
electrodes are abbreviated as Pt-CEs, while the FeS2 nanochain
network and molten-nanoparticles counter electrodes are named
as FeSz-chain-CEs and FeS2-MN-CEs, respectively. CV, Tafel
and EIS measurements were performed to systematically
investigate the catalytic activity of the FeS: electrodes in
iodine/triiodine electrolyte.

This journal is © The Royal Society of Chemistry 2012
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Two features of the CV curves are noteworthy. First, the FeSz-
chain-CEs display nearly the same overpotential and
reversibility as that of the Pt-CEs, indicating the kinetic facility
of the redox reaction of Is/I" on their surfaces. Second, the

Figure 4. Performance evaluation of the FeS,-chain-CEs by CV in a three-
electrode configuration. (A) Cyclic voltammograms of Pt and FeS, counter
electrodes (thickness: 4 um, electrolyte: 10 mM Lil, 1 mM |, and 0.1 M LiClO4 in
acetonitrile, at a scan rate of 20 mV s1); (B) Long-term stability evaluation of FeS,
nanochain in iodine electrolyte.

As described above, CV measurements were conducted in
a three-electrode configuration with an argon-purged electrolyte
solution. Figure 4A shows typical cyclic voltammograms of Pt
and FeS: electrodes for iodine species (Is/I"). For all of the
three counter electrodes, two pairs of redox peaks are observed;
the peak at lower potential can be assigned to the redox pair of
137/1- (equation 3), and that at higher potential to I2/13” (equation
4).

=

redox peaks of the FeSz-chain-CEs exhibit a current density as
large as that of the Pt-CEs, while FeS2-MN-CEs only show
nearly half of the current density. To evaluate the long term
stability of the FeS:-chain-CEs, CV cycles up to 2000 are
recorded. Remarkably, as shown in Figure 4B, little change in
CV curve shape, redox peak positions and current densities
have occurred, indicating the superior stability and catalytic
activity of the FeSz thin films. As the catalytic activity of FeS:-
MN-CEs is too low, their stability was not tested further. One
can conclude that the FeS2-chain-CEs are as efficient and stable
as Pt in catalyze the regeneration of Is7/I- species in the
electrolyte.

Electrolyte CA™
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Figure 5. Performance evaluation of the FeS,-chain-CEs by Tafel and EIS measurements in a symmetric cell. (A) Schematic diagram of a symmetric cell consist of two
identical FeS,-chain-CEs; (B) Tafel polarization curves at a scan rate of 20 mV s; (C) EIS spectra of the corresponding symmetrical cells; and (D) EIS equivalent circuit
of the symmetrical cells, R: the series resistance, R: the charge transfer resistance, Z,,: Nernst diffusion impedance and CPE: constant phase angle element.

To further examine the catalytic activity, symmetrical cells
made up of two identical electrodes were fabricated (see Figure
5A) for the Tafel and EIS measurements. Figure 5B shows the
Tafel polarization curves of the Pt-CEs, FeS2-chain-CEs and
FeS>-MN-CEs. Tafel polarization curve can be divided into

This journal is © The Royal Society of Chemistry 2012

three zones, i.e., polarization zone (low potential, |U|<120 mV,
in general), Tafel zone (middle potential, with a sharp slope)
and diffusion zone (high potential, horizontal section). In the
diffusion zone, the intercept of cathodic branch with the Y-axis
is defined as limiting current density (Jiim). It can be easily seen

J. Name., 2012, 00, 1-3 | 5
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that Jiim of FeSz-chain-CE is comparable to Pt, reflecting FeS2-

chain-CE also allow high diffusion velocity of the redox couple.

Second, the intersection of the cathodic branch in the Tafel
zone at the equilibrium potential line can be considered as
exchange current density (Jo). It can be indicated that FeSz-
chain-CEs exhibit similar (slight lower) Jo with the Pt-CEs,
which further confirms that FeSz nanochain and Pt have similar
catalytic activity for Is” reduction. However, both of Jim and Jo
of FeS2-MN-CEs are lower than those of the Pt-CEs a nd FeS;-
chain-CEs, indicating a lower catalytic ability, this is probably
because of the reduced surface area and lower charge transfer
rate which can be directly reflected by EIS.

EIS Nyquist plots of the Pt-CEs, FeSz-chain-CEs and
FeS2-MN-CEs in Is/l- electrolyte are shown in Figure 5C,
which all present two typical semi-circles. The corresponding
equivalent circuit is schematized in Figure 5D. The high
frequency intercept on the real axis represents the series
resistance (Rs), the charge transfer resistance (Rct) and constant
phase angle element (CPE) are obtained by fitting the
semicircle in the high frequency region (leftmost semicircle).
The right-hand semicircle in the low-frequency range
represents the Nernst diffusion impedance (Zw) of the I3/l
couples in the electrolyte. In general, Rct indicates the catalytic
property for I37/1- electrolyte and Jo varies inversely with Rt
according to equation 5.

Jo =i (5)
nFR_;

Where R is the gas constant, T is the absolute temperature, n is
the number of electrons, and F is the Faraday constant. In
Figure 5C, it is clear that the Rs of FeSz-chain-CEs and FeS:-
MN-CEs is larger than that of Pt-CEs with the order of FeS;-
MN-CEs > FeSz-chain-CEs, which may be due to the
increasing contact resistance of FeS2/FTO interface. As the
FeS:2 thin film was prepared by drop-casting combined with
compression post-treatment, in other word, no calcination
process was used. Therefore, the FeSz thin films were not so
firmly attached on FTO glass compared to the thermally
platinizing ones (Pt-CEs). By fitting the EIS results, FeSz-
chain-CEs has similar Ret (1.63 Q cm?) to Pt (1.55 Q cm?),
yielding Jo of 15.95 mA cm? and 16.77 mA cm?, which is
consistent with Tafel test results. However, the value of FeSz-
MN-CEs increases to 4.20 Q cm?, indicating a poor catalytic
performance. Therefore, the EIS results have forcefully
demonstrated that the FeS2 nanochain thin films are as efficient
as Pt in catalyzing reduction of the I3/l redox reaction, and are
significantly more active catalysts than the FeS2-MN-CE.

Solar cell performance

6 | J. Name., 2012, 00, 1-3

N-—- _20 _— Pt
IE —— FeS, nanochain
o — F@xS2 molten-nanoparticles
E 151
=
2 .10+
[
(]
T
o -5
=
S
(& ]
0.0 01 0.2 06 0.7 0.8

0.3 4 0.5
Voltage (V)

Figure 6. J-V curves of the DSSCs using Pt and FeS; as the counter electrodes.

To study performance of the FeS: counter electrodes in
real operation, a series of DSSC devices were fabricated based
on FeSz-chain-CEs, FeS>-MN-CEs and Pt-CEs and
comparatively studied. Typical J-V curves of the different
DSSCs are presented in Figure 6 and the detailed photovoltaic
parameters are summarized in Table 1. First and foremost, the
FeSz-chain-CEs-DSSC have reached similar performance to the
Pt-CEs-DSSC. More specifically, as a gold standard, the Pt-
CEs-DSSC exhibited open-circle potential (Voc) of 0.73 V,
short-circle photocurrent (Js¢) of 15.7 mA c¢cm2, and fill factor
(FF) of 0.66, yielding a photoelectric conversion efficiency
(PCE) of 7.56%. In comparison, for the FeSz-chain-CEs-DSSC,
Voc Was 0.72 V, Jsc 15.3 mA cm?, and FF 0.65, corresponding
to a PCE of 7.16%, quite close to that of the Pt-CE-DSSC. In
sharp contrast, the FeS2-MN-CEs-DSSC only showed a poor
performance with a PCE of only 4.22%. These results indicate
that the performance of FeS2 nanochain network is a promising
low-cost replacement for Pt as a counter electrode in DSSC,
whereas the FeS: molten-nanoparticles are not even close,
which highlights the superior charge transport brought about by
the 3D interlacement of the magnetic field induced nanochain
networks.

This journal is © The Royal Society of Chemistry 2012
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Table 1. Photovoltaic performance summary of DSSCs with
the FeS; and Pt counter electrodes under AM 1.5 illumination
at 100 mwW cm.

Solar cell Ve Jsc FF PCE
) (mA cm?) (%)
Pt-CEs 0.73+£0.01 15.74£0.2 0.66+0.01 7.56+0.32
FeS,- 0.72+0.01 15.310.1 0.65+0.01 7.16+0.25
chain-CEs
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Figure 7. Performance evaluation of the FeS; nanochain network used as flexible
counter electrode in DSSC. (A) Resistance-bending angle curves of thin films of
the FeS; nanochain network and molten-nanoparticles on PET substrates (non-
conductive); (B) DSSC performance with the FeS, nanochain network flexible CEs
on PET-ITO substrates.

In addition to the high catalytic activity and the stable
catalytic performance comparable to the Pt-CEs, the FeS:
nanochain network has an added advantage of flexibility, which
is essential for future large-scale roll-to-roll production. In
order to demonstrate this feature, the FeS: nanochain network
and the molten-nanoparticles thin films were firstly deposited
on PET substrates (non-conductive side) by drop-casting
combined compression methods, and then resistance-bending
angle curves were recorded (see the optical images in Figure
7A for the setup) to evaluate the flexible conductivity

This journal is © The Royal Society of Chemistry 2012
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performance. As shown in Figure 7A, the FeS: molten-
nanoparticles thin film has an initial resistance of about 20 KQ,
but when bended, it becomes non-conductive due to cracking.
In contrast, the FeSz nanochain network thin film only shows a
slight resistance variation (around 15 kQ) even when it is
bended by up to 140<

As a preliminary demonstration of its use in flexible DSSC,
the FeS2 nanochain network thin film was deposited on a PET-
ITO substrate and assembled into a DSSC device with a
photoanode of N719-sensitized TiOz thin film on FTO glass,
and the corresponding cell performance is presented in Figure
7B. Significantly, the DSSC based on the FeS: flexible counter
electrode also achieves a considerably high PCE of 6.26%,
which is only slightly lower than that with the FeS2-chain-CEs
on FTO glass (7.16%). Even this performance decrease is
mainly due to the higher sheet-resistance of the PET-ITO
substrate used in the flexible device, as found in previous
reports.*3 44 Therefore, the ability to prepare the FeS, nanochain
network thin films will allow high performance flexible DSSCs
to be developed.

Conclusion

To sum up, magnetic field was judiciously utilized to assist
pyrolysis preparation of 3D FeSz sponge-like nanochain
network. The key role of the magnetic field is to guide the
assembly of the precursor Fe nanoparticles generated in-situ by
ultrasound assisted pyrolysis. The as-prepared FeS2 nanochain
network can maintain its morphology even after intense
ultrasonic treatment. Compared to the molten nanoparticles
(prepared without magnetic field), the 3D network features
more efficient charge transport along the 1D nanochain
structure. In addition, the clean mesoscopic surface due to the
surfactant-free synthesis process is beneficial to optimize the
electrocatalytic activity of the nanochain network. When used
as counter electrode in DSSC, the FeS2 nanochain network thin
films were proven to be as effective as Pt for the
electrocatalysis of (137/1"). From the synthesis point of view, our
strategy can be extended to prepare a family of oxide, sulphide,
selenide and phosphide nanochain networks based on some
earth-abundant magnetic elements (Fe, Mn, Co, Ni, etc.), which
are promising for application in areas of energy and
environments.
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