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Prussian Blue-Derived Synthesis of Hollow Porous Iron Pyrite

Nanoparticles as Platinum-Free Counter Electrodes for Highly
Efficient Dye-Sensitized Solar Cells
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Abstract: Iron pyrite has long been an attractive material
for environmental and energy applications, but is ham-
pered by a lack of control over morphology and purity.
Hollow porous iron pyrite nanoparticles were synthesized
by a direct sulfurization of iron oxide derived from Prussi-
an blue. The high efficiencies of these hollow porous iron
pyrite nanoparticles as effective dye-sensitized solar cell
counter electrodes were demonstrated, with an efficiency
of 7.31%.

- /

Owing to its high optical absorbance, non-toxicity, global
abundance, and suitable band gap, iron pyrite has drawn
growing research interests in recent years. Not only has iron
pyrite been widely applied in environmental applications for
heavy metal absorption," iron pyrite has also been identified
as a promising material for various energy applications such as
lithium-ion battery cathodes,” photovoltaic®® and counter
electrodes for dye-sensitized solar cells."®" Considering that
size, morphology, and purity of iron pyrite have been attribut-
ed as important characteristics for these applications,"*'¥ the
synthesis of nanostructured pure iron pyrite is of upmost im-
portance.

Iron pyrite synthesis could mainly be categorized into
groups of wet-chemical based and sulfurization based."” Wet-

chemical routes including hydrothermal,"® solvothermal,!'”

hot-injection,""® and heat-up synthesis"® have been widely de-
veloped for iron pyrite. However, the controllable morphology
of high purity iron pyrite still remains a challenge due to the
abundance of other iron sulfide stoichiometries (e.g., pyrrho-
tite, Fe,_,S with x=0 to 0.2) and crystallographic forms (e.g.,
marcasite, orthorhombic FeS,). On the other hand, sulfurization
based routes typically rely on the reaction of either elemental
sulfur or H,S?” at elevated temperatures with iron precursors,
including elemental iron, FeF;™ FeBr,” Fe(OH)," Fe,0;2"
and Fe;0,.2" Generally, sulfurization is an attractive synthesis
route as the size and morphology of iron pyrite could be con-
trolled through that of the iron precursors. Additionally, cap-
ping agents and surfactants that are typically present in wet-
chemical routes are absent for iron pyrite synthesized through
sulfurization.

Among the sulfurization synthesis routes presented in litera-
ture, the sulfurization of iron oxides with elemental sulfur has
been regarded as one of the most promising sulfurization
routes for two main reasons. First, pyrite formation with ele-
mental sulfur is faster than that with H,S and could generally
be achieved at lower temperatures to avoid pyrite decomposi-
tion.®™ Second, sulfurization of iron oxides with elemental
sulfur has been known to skip the intermediate steps of FeS
and FeS,_,,”? resulting in the formation of pure and stoichio-
metric iron pyrite. However, sulfurization reactions typically
suffer from low scalability, with only either iron pyrite thin
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films or nanowires/nanotubes grown on fluorine-doped tin
oxide (FTO) substrates. The reason for this limitation could be
attributed to the difficulty for gaseous sulfur to penetrate into
iron oxide due to oxygen accumulation.”? Additionally, al-
though the syntheses of hollow nanowires/nanotubes have
been demonstrated with the sulfurization of nanowire/nano-
tube precursors before, no one has yet been able to synthesize
hollow iron pyrite nanoparticles.

Recently, coordination polymers including metal-organic
frameworks (MOFs), are widely used as supporters for the
post-modification of desired structures due to their high chem-
ical stability and rich diversity of metal sources.”>*” We herein
propose the large-scale and high purity synthesis of hollow
porous iron pyrite nanoparticles from the sulfurization of Prus-
sian blue (PB) derived iron oxides with elemental sulfur. By
using PB, a coordination polymer with a cyano-bridged struc-
ture, we propose not only control over morphology, but also
the introduction of nanoporous iron oxide structures for highly
efficient sulfurization. To demonstrate the advantage of our
nanostructured iron pyrite, we have hereby applied our syn-
thesized particles as counter-electrodes (CEs) for dye-sensitized
solar cells (DSSCs); an attractive candidate for photovoltaic
energy conversion.

Scanning electron microscopy (SEM, Figure 1a) of the as-syn-
thesized iron pyrite reveals nanoparticles of 150+ 25 nm with
porous features. The transmission electron microscopy (TEM)
image in Figure 1b further confirms the presence of pores and
reveals its hollow structure. The hollow porous iron pyrite
nanoparticles were hereon referred to as h-FeS,. Composition
and structural analysis of h-FeS, were carried out with X-ray
diffraction (XRD) and X-ray photoelectron spectrum (XPS). XRD
patterns (Figure 1c-e) reveal the successful sulfurization, with
diffraction peaks attributed to iron pyrite (JCPDS #65-3321).
No peaks of common iron pyrite contaminants were observed,
including those of both pyrrhotite (Fe,,S, x=0 to 0.2; JCPDS
#06-0696; Figure 1g) and marcasite (orthorhombic FeS,, JCPDS
#65-2567; Figure 1f). Additionally, no peaks of the original pre-
cursor (hematite; JCPDS #86-0550) were observed as well,
which indicates that sulfurization was completely carried out.
The chemical compositions of the as-synthesized particles
were further examined with XPS. Two photoelectron peaks in
the Fe 2p region with binding energies at 719.8 and 706.9 eV
(Figure 1h) could be attributed to Fe 2p,,, and Fe 2p,,, of iron
pyrite, respectively. No binding energies corresponding to
hematite at 710.3 and 724.1 eV were observed in the Fe 2p
region, which further confirms the previous XRD result of com-
plete sulfurization. For the S 2p region (Figure 1i), photoelec-
tron peaks with binding energies of 163.7 and 162.6 eV corre-
spond to S 2p,,, and S 2p,,,, respectively, which are sulfur bind-
ing energies typically found in FeS,. Photoelectron signals at
161.4 eV were not observed, which indicates the absence of
FeS contaminants and the purity of our sulfurized particles.

The schematic diagram in Figure 2 describes the synthesis of
the hollow porous iron pyrite nanoparticles. First, PB nanopar-
ticles were synthesized according to our previous reports.*”
The nanoparticles were then chemically etched with HCl solu-
tion in the presence of polyvinylpyrrolidone (PVP) as a protec-
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Figure 1. a) SEM and b) TEM images of h-FeS,. XRD patterns of c) as-synthe-
sized h-FeS,, d) reference iron pyrite, e) reference a-Fe,0;, f) reference mar-
casite, and g) reference pyrrhotite. XPS spectra of as-synthesized hollow iron
pyrite in the h) Fe 2p region and i) S 2p region.
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Figure 2. Schematic diagram for the synthesis of hollow iron pyrite (h-FeS,)
nanoparticles and solid iron pyrite (s-FeS,) nanoparticles.

tive surfactant. This results in the removal of the particle interi-
or and the formation of the hollow structure. Prussian blue
was converted to iron oxide by calcination to remove the or-
ganic contents (CN bridges), and to oxidize the Fe atoms.’
The conversion of iron oxide nanoparticles to iron pyrite was
completed by sulfurization [Eq. (1)]:

2 FEZO3(9) +11S—4 FeSZ(S) +3 502(9) (1)

The typical sulfurization reaction is carried out at 450°C for
30 min with a sulfur source of 180 mg for 30 mg iron oxide
precursor. Not only is this among one of the shorter sulfuriza-
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Figure 3. SEM, TEM, and XRD of a) PB, b) hollow PB, and c) iron oxide calcined from hollow PB.

tion durations reported in literature, the amount elemental
sulfur powder required is also one of the lowest, especially for
an open gas flow reaction. Additionally, 30 mg is among the
highest quantity to be sulfurized with an iron oxide precursor
and one of the few high-quantity sulfurization reactions. Al-
though the sulfurization of increased amounts of precursors
have not been investigated in this study, we believe that our
reaction is easily scalable, considering the highly efficient sulfu-
rization reaction.

Precursors for h-FeS, were characterized with SEM, TEM, and
XRD (Figure 3). As shown in Figure 3a-1, PB particles of
~ 150 nm were successfully synthesized. TEM (Figure 3a-2) fur-
ther reveals the solid interior in the particles. After etching
(Figure 3b-1), the morphology of the PB nanoparticles re-
mained nearly identical, but with hollow interiors confirmed
with TEM (Figure 3b-2). XRD patterns of Prussian blue prior to
(Figure 3a-3) and after etching (Figure 3b-3) both reveal the
same diffraction peaks, which are in agreement with PB diffrac-
tion peaks found in literature (JCPDS #73-0687). After calcina-
tion, the morphologies of the particles are still well preserved
and indicate minimal structural collapse (Figure 3 c). Additional
TEM images (Figure 3 ¢-2) further reveal increased pore forma-
tion due to the removal of organics. X-ray diffraction patterns
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(Figure 3 c-3) reveal the successful calcination of PB to a-Fe,O;
(hematite). All the diffraction peaks at 260=23.9, 33.2, 35.2,
40.7, 49.2, 53.9, 62.3, and 63.7 degree are well matched with
hematite.

To highlight the hollow and porous nanostructure of h-FeS,,
solid iron pyrite nanoparticles were also synthesized according
to the schematic shown in Figure 2. Skipping the etching of PB
is the only experimental difference between the two iron
pyrite nanoparticles, with the exact calcination and sulfuriza-
tion conditions maintained. As shown with SEM (Figure S1a-1
in Supporting Information), the particle morphology of iron
oxide derived from unetched PB is very similar to that from
etched PB. TEM (Figure S1b-1) further suggests pore formation
due to the removal of organics, and confirms its non-hollow
structure. However, XRD patterns (Figure S2) reveal that in-
stead of the hematite phase that was observed with the
hollow PB, the iron oxide was actually amorphous due to hin-
dered air diffusion during calcination.?® After sulfurization, the
particle morphology (Figure S1) became much less defined as
compared to its iron oxide precursor. XRD (Figure S2b) and
XPS (Figure S2 ¢ and d) of the s-FeS, confirm iron pyrite of high

purity.
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The as-synthesized iron pyrite nanoparticles were dispersed
in isopropanol and drop-casted onto an FTO substrate without
further treatment. The photocurrent density-voltage (J-V)
curves of the DSSC with the h-FeS,, s-FeS,, and platinum (Pt)
CEs are shown in Figure 4, and the corresponding photovoltaic
parameters are summarized in Table 1. The DSSC employing s-
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Figure 4. Photocurrent density-voltage (J-V) curves of the iron pyrite nano-
particle samples with reference platinum counter electrodes.

Table 1. Photovoltaic parameters of DSSCs using h-FeS,, s-FeS, and Pt
CEs.

Sample n [%] V.. [mV] J. ImAcm™] FF

h-FeS, 7.31 731.66 14.01 0.71
s-FeS, 5.30 704.80 10.75 0.70
Pt 7.69 740.51 14.66 0.71

FeS, CE yielded a photoelectric conversion efficiency () of
530% with a short-circuit current density (J,) of
10.75 mAcm™, open-circuit voltage (V) of 704.80 mV, and fill
factor (FF) of 0.70. The DSSC with the h-FeS, CE showed a
higher V.. of 731.66 mV, J. of 14.01 mAcm™ and 7 of 7.31%.
In comparison to the h-FeS, CE, the DSSC employing the Pt CE
produced an 7 of 7.69% (V,.=740.51 mV, J,=14.66 mAcm™2,
and FF=0.71). The 5 of the DSSC employing h-FeS, CE
reached a value of 7.31%, close to that of DSSC using a Pt CE
(7.69%). Since FF is about the same in Table 1, the 5 of the
DSSCs depends strongly on the values of V.. and J,. In fact,
the CE served to inject the charge into the electrolyte, thus fa-
cilitating the reduction of tri-iodide (I;7). The higher V,. for
DSSC with an h-FeS, CE, as photoanode and electrolyte are the
same, illustrates that the h-FeS, CE may accelerate the reduc-
tion of ;™ in comparison with s-FeS, CE*? In addition, the
higher J,. implies the higher catalytic activity for facilitating the
reduction of I;-.2%3" In contrast to the s-FeS,, the h-FeS, CE
with hollow structure provided more catalytic surface area,
which implied higher catalytic ability, thus enhancing the J,. of
DSSC to 14.01 mAcm~2 Overall, the h-FeS, demonstrated the
potential as a cost-effective and efficient CE material to replace
expensive Pt CE in DSSCs.

In summary, here we demonstrate the first synthesis of
hollow porous iron pyrite nanoparticles by the sulfurization of
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iron oxide derived from PB. A highly efficient synthesis with
short reaction time of 30 min and low sulfur precursor was
achieved. The as-synthesized h-FeS, nanoparticles were simply
drop casted onto FTO without any further treatment to serve
as efficient counter electrodes for DSSCs, with an efficiency of
731%
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Prussian Blue-Derived Synthesis of

Hollow Porous Iron Pyrite
Nanoparticles as Platinum-Free
Counter Electrodes for Highly Efficient
Dye-Sensitized Solar Cells
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Caught the sun: Hollow porous iron
pyrite nanoparticles were synthesized
by a direct sulfurization of iron oxide
derived from Prussian blue. The high ef-
ficiency of the hollow porous iron pyrite
nanoparticles, as effective dye-sensitized
solar cell counter electrodes, was dem-
onstrated with an efficiency of 7.31%.
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