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The counter electrode has a strong influence on the photovoltaic performance of dye-sensitized solar cells
(DSSCs). Thus, we introduce a novel approach where Ru nanofibers consisting of nano-sized grains are used in-
stead of the typical Pt counter electrodes for DSSCs. The Ru nanofibers can be successfully prepared via
electrospinning followed by post-calcination and hydrogen reduction. This sequential approach provides a
novel nanoarchitecture. This architecture consists of nano-sized grains and a unique network structure, which af-
fords high electrical conductivity. The resultant Ru nanofibers exhibit properties of improved photovoltaic per-
formance: (I) lower charge transfer resistance (12.5 Q cm™2), (II) higher short-circuit current density
(14.77 mA cm~2), and (1) higher photovoltaic conversion efficiency (6.23%), which is comparable to a commer-
cial Pt counter electrode. The improved photovoltaic performance of the counter electrode in the DSSC is attrib-
uted to the combined effects of small grain size which results in a high number of electrochemical sites, high
electrical conductivity that leads to improved electrocatalytic activity, and a unique network structure that allows
for rapid electron transfer and rapid diffusion of the electrolyte.
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1. Introduction

Since the first report in 1991, dye-sensitized solar cells (DSSCs) have
been one of the more anticipated alternatives to the conventional silicon
solar cells due to their low cost, relatively high solar conversion efficien-
cy, easy fabrication, and eco-friendly nature [1-5]. In general, DSSCs are
composed of a large-band-gap n-type semiconductor that serves as the
working electrode, dye molecules that serve as the sensitizer, an iodide/
triiodide (I37/I™) redox-coupled electrolyte and catalysts that serve as
the counter electrode [6-8]. The recent research and development of
DSSCs has mainly focused on the improvement of their solar conversion
efficiency. Among these improvements, the counter electrode performs
as the catalyst by reducing the redox species after electron injection and
thereby regenerates the dye molecules [9,10]. Therefore, the ideal coun-
ter electrode in DSSCs should have a large number of electrochemical
active sites, a low charge transfer resistance, and electrochemical stabil-
ity [9-12]. Currently, Pt is typically used as the counter electrode be-
cause of its excellent electrocatalytic activity and high electrical
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conductivity [9]. However, Pt is very expensive and has limited avail-
ability [10]. Therefore, there is a desperate need to find an efficient alter-
native for Pt as the counter electrode material in DSSCs.

In recent years, the carbonaceous materials (activated carbon, car-
bon black, carbon nanotube, carbon nanofiber, and graphene),
conducting polymers (PEDOT, PEDOT:PSS, PANI, and Ppy), transition
metals (Co and Ni), metal and metalloid oxides (Al,0s3, SnO,, SiO,, and
Ga,03), metal sulfides (CogSg, FeS,, SnS,, and NiS,), metal carbides
(TiC, Cr3Cy, and VC) and metal nitrides (TiN, VN, and ZrN) have been
used as counter electrodes in DSSCs [9-14]. Among them, the transition
metals are the most promising choice for the use as the counter elec-
trode due to their rapid redox reactions which owe to their high electri-
cal conductivity [15-17]. However, it is noted that only a few transition
metals have been explored as the counter electrode of DSSCs. Among
the transition metals, Ru is an attractive material for the counter elec-
trode of DSSCs due to its high electrical conductivity, high electrocata-
lytic activity, and excellent electrochemical stability over a wide
potential range [15-17]. In addition, the cost of Ru is much less than
Pt. In addition to cost and electrochemical properties, another important
characteristic of an ideal catalyst is its network structure. It is well
known that a network structure consisting of one-dimensional nanofi-
bers can provide efficient electron transfer and a rapid diffusion rate
of the electrolyte, both of which are responsible for high-efficiency in
DSSCs [18-21]. However, the use of Ru nanofibers, which can be
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fabricated by electrospinning, post-calcination, and hydrogen reduction
in series, has not yet been studied.

Therefore, we synthesized Ru nanofibers as an alternative to com-
mercial Pt in DSSCs using a sequential process of electrospinning,
post-calcination, and hydrogen reduction. This unique strategy allowed
for the fabrication of a counter electrode with high electrical conductiv-
ity which exhibits higher solar conversion efficiency with excellent elec-
trocatalytic activity compared to commercial Pt. These results indicate
that the Ru nanofibers have great potential for being the counter elec-
trode material for high-efficiency DSSCs.

2. Material and methods
2.1. Chemicals

Polyacrylonitrile (PAN, M,, = 150.000 amu), Ru(IIl) chloride hy-
drate (RuCls-xH;0), N,N-dimethylformamide (DMF, 99.8%), and N-
methyl-2-pyrrolidinone (NMP, 99.5%) were purchased from Sigma-
Aldrich. All chemicals were used without further purification.

2.2. Synthesis of Ru nanofibers consisting of nano-sized grains

Ru nanofibers consisting of nano-sized grains were synthesized
using electrospinning, post-calcination, and hydrogen reduction in se-
quence. Additionally, carbon nanofibers embedded with Ru nanoparti-
cles and RuO,-and-Ru nanofiber composites were also synthesized by
omitting the post-calcination and reduction step and just the reduction
step, respectively. First, 10 wt% PAN and 3 wt% RuCls;-xH,0 were dis-
solved in DMF with vigorous stirring for 5 h to obtain the carbon nano-
fibers embedded with Ru nanoparticles. For electrospinning, the feeding
rate and the voltage were maintained at 0.03 mLh~' and ~13 kV, re-
spectively. The distance between the collector and a 23-gauge needle
was set at 15 cm under 10% humidity in the chamber. The as-spun
nanofibers were stabilized at 280 °C for 2 h in air and then carbonized
at 800 °C for 2 h under a nitrogen atmosphere. In order to remove the
CNF matrix, the Ru nanoparticles-embedded carbon nanofibers were
calcined in air using a box furnace at 400 °C for 30 min. As a result,
Ru0,-and-Ru nanofiber composites were obtained. Then, the hydrogen
reduction was carried out to synthesize the Ru nanofibers consisting of
nano-sized grains. We thus synthesized three types of the samples: Ru
nanoparticles-embedded carbon nanofibers, RuO,-and-Ru nanofiber
composites, and the Ru nanofibers.

2.3. Characterization

The morphologies and structures of the nanofibers were investigat-
ed by field-emission scanning electron microscopy (FESEM; S-4800,
Hitachi) and transmission electron microscopy (MULTI/TEM; Tecnai
G2, KBSI Gwangju Center). The crystal structures and chemical bonding
states of the samples were observed using X-ray diffractometry (XRD;
D/Max 2500 V, Rigaku) with CuK,, radiation in the 26 range of 10°-90°
at a step size of 0.02° and X-ray photoelectron spectroscopy (XPS;
ESCALAB 250, Thermo scientific) with an AIK, X-ray source. The XPS
spectra were standardized to the C1s core level (284.5 eV).

24. Electrochemical characterization

The prepared samples were applied as a counter electrode for DSSCs.
Pastes for the counter electrodes, which were made up of each of the re-
sultant samples, ketjen black (KJB, Alfa Aesar), and polyvinylidene
difluoride (PVDF, Alfa Aesar) at a ratio of 7:2:1 in N-methyl-2-pyrrol-
idone (NMP, Samchun), were prepared. The PVDF in the counter elec-
trode could innovatively increase the adhesion between the Ru
nanofibers and the FTO glass, leading to the improved physical stability
of the counter electrode in DSSCs. [6,9,10]. The pastes were then
squeeze-printed onto fluorine-doped SnO-, glass (FTO, 8 Q/square,

Pilkington) and then dried at 100 °C for 12 h. For comparison, the com-
mercial Pt counter electrode was prepared from a solution containing
chloroplatinic acid hydrate (H,PtCl-xH,0, Aldrich) and 2-propanol via
spin coating and then annealed at 450 °C for 0.5 h. For fabrication of a
working electrode, the TiO, paste was formed by mixing TiO, (P25,
Degussa AG), hydroxypropyl cellulose (HPC, Mw ~80,000 g mol~ !, Al-
drich), and acetyl acetone (Aldrich) in DI water. The well-dispersed
pastes were coated by the squeeze-printing process and subsequently
annealed at 500 °C for 1 h. After cooling, the electrode was soaked in
0.5 M solution of N719 dye (Ru-535-bisTBA, Solaronix) in ethanol for
24 h and washed with ethanol to remove the excess dye which had
not been physically adsorbed. Finally, sandwich-type cells were assem-
bled with the prepared working and counter electrode and then
injected with a liquid electrolyte composed of 1-butyl-3-
methylimidazolium iodide (BMII, Aldrich), iodine (I, Merck KGaA),
guanidine thiocyanate (GuSCN, Aldrich), and 4-tert-butylpyridine
(4TBP, Aldrich) in acetonitrile/valeronitrile (85:15 (v/v)). The catalytic
activity was performed using cyclic voltammetry (CV) with a conven-
tional three-electrode system at a scan rate of 50 mV s~ ! from — 0.3
to 1.1 V. An electrolyte containing 10 mM Lil (Lithium iodide, Aldrich),
1 mM [, (lodine, Merck), and 0.1 M LiClO,4 (Lithium perchlorate, Al-
drich) in acetonitrile was used. Electrochemical impedance spectra
(EIS) was investigated using potentiostat/galvanostat (Ecochemie
Autolab, PGST302N) under amplitude of 10 mV s~ ! in the frequency
range from 0.05 to 100 kHz. A solar simulator (PEC LO1 with 150 W
Xenon Arc Lamp, Peccell) was used to evaluate the current density-volt-
age (J-V) characteristics under AM 1.5G irradiation (ca. 100 mA cm™2).

3. Results and discussion

Fig. 1a-c show FESEM images of Ru nanoparticles-embedded carbon
nanofibers, RuO,-and-Ru nanofiber composites, and the Ru nanofibers.
All samples exhibited an interconnected network structure composed
of the one-dimensional nanofibers. This structure can thus provide a
rapid electron transfer and a rapid diffusion rate of electrolyte during
the photovoltaic process, which results in a high photovoltaic conver-
sion efficiency [18-21]. As shown in Fig. 1a, the FESEM images of the
Ru nanoparticles-embedded carbon nanofibers showed smooth

-

~8.7 nm
Ru nanofiber with rough surfaces
consisting of nano-sized grains

Fig. 1. FESEM images and inserted FESEM images of (a) carbon nanofibers embedded with
Ru nanoparticles, (b) RuO,-and-Ru nanofiber composites, and (c¢) Ru nanofibers. (d) A
schematic illustration of the Ru nanofibers.
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surfaces and uniform morphology without any beads on the nanofiber
surface, which means the Ru nanoparticles were wholly embedded
within the CNF matrix. Also, the diameter of Ru nanoparticles-embed-
ded carbon nanofibers was estimated to be 317-343 nm. The FESEM im-
ages of the RuO,-and-Ru nanofiber composites (Fig. 1b) and Ru
nanofibers (Fig. 1c) showed rough surfaces consisting of nano-sized
grains with reduced diameters in the range of 181-211 nm for RuO,-
and-Ru nanofiber composites (Fig. 1b), and 183-209 nm for Ru nanofi-
bers (Fig. 1c). These results are ascribed to an exhaustion of CNF matrix
after post-calcination by an oxidation reaction between carbon and ox-
ygen. Fig. 1d shows a schematic of the Ru nanofibers, which indicates
that the unique one-dimensional nanofiber with rough surfaces
consisting of nano-sized grains of Ru is ideal for high-performance
DSSCs. This is the ideal structure because the one-dimensional nanofi-
bers can directly guide high-efficiency DSSCs due to efficient electron
transfer and a rapid diffusion rate of the electrolyte during the photovol-
taic process.

To further examine the nanostructure of the samples, TEM studies
were carried out. Fig. 2 shows low-resolution (Fig. 2a-c) TEM images
of Ru nanoparticles-embedded carbon nanofibers, the RuO,-and-Ru
nanofiber composites, and the Ru nanofibers and Fig. 2d shows the
high-resolution TEM image of the Ru nanofibers. The dark spots in the
Ru nanoparticles-embedded carbon nanofibers (Fig. 2a) are well-dis-
tributed Ru nanoparticles, which are 1-2 nm in size, inside the CNF ma-
trix. After post-calcination, the RuO,-and-Ru nanofiber composites (Fig.
2b) showed rough surfaces consisting of nano-sized grains (7-9 nm)
not embedded within the CNF matrix. The formation of rough surfaces
consisting of nano-sized grains could be explained by the exhaustion
of CNF matrix and grain growth of Ru induced by Ostwald ripening pro-
cesses during post-calcination due to the presence of oxygen [22]. Thus,
we observed noticeable morphological changes at the surface of the
nanofibers, which led to the formation of porous structures after post-
calcination. After hydrogen reduction, the morphology of the Ru nanofi-
bers (Fig. 2c and d) exhibited the roughness similar to that of the RuO,-
and-Ru nanofiber composites without any morphological changes. The
only phase change that occurs is the reduction from RuO, to Ru. There-
fore, Ru nanofibers with rough surfaces consisting of nano-sized grains
were successfully obtained. This unique architecture of Ru nanofibers

Fig. 2. Low-resolution TEM images of (a) carbon nanofibers embedded with Ru
nanoparticles, (b) RuO,-and-Ru nanofiber composites, and (c) Ru nanofibers. (d) High-
resolution TEM images of Ru nanofibers.

with nano-sized grains can effectively provide high electrochemical ac-
tive sites, resulting in high-performance DSSCs.

Fig. 3a shows the XRD patterns of the Ru nanoparticles-embedded
carbon nanofibers, the RuO,-and-Ru nanofiber composites, and the Ru
nanofibers. The Ru nanoparticles-embedded carbon nanofibers
displayed broad peaks at around 25° corresponding to the (002) layers
of graphite and diffraction peaks at 44.0° corresponding to the (101)
plane of Ru with a hexagonal structure (space group P6s/mmc[194])
(JCPDS card No. 06-0663). The low intensity of the diffraction peaks of
the Ru phases in Ru nanoparticles-embedded carbon nanofibers are
due to the ultra-small Ru nanoparticles (1-2 nm), which is in good
agreement with the TEM results. The RuO,-and-Ru nanofiber compos-
ites showed the mixed phases consisting of RuO, phases and Ru phases
because of an oxidation ambience during post-calcination. The diffrac-
tion peaks of RuO,-and-Ru nanofiber composites were observed at
28.0° 35.1°, and 54.3°corresponding to the (110), (101), and (211)
planes of RuO, phases with a tetragonal structure (space group P4,/
mnm[136]) (JCPDS card No. 88-0322). The other diffraction peaks of
RuO,-and-Ru nanofiber composites were observed at 44.0° correspond-
ing to the (101) plane of Ru the phases. The diffraction peaks of the Ru
nanofibers were observed at 38.4°, 42.1°,44.0°, and 58.3° corresponding
to the (100), (002), (101), and (102) planes of only the Ru phases,
which implies that RuO, was successfully reduced to Ru during the hy-
drogen reduction step.

In order to further investigate the grain sizes of the RuO,-and-Ru
nanofiber composites and the Ru nanofibers, the diffraction peaks
were calculated using the Scherrer equation given below in which \ is
the X-ray wavelength, {3 is the full width at half maximum (FWHM),
and 6 is the Bragg angle [23-25].

D = 0.9\/(f cosb)

The average size of the RuO,-and-Ru nanofiber composites was cal-
culated using (110), (101), and (211) planes and was ~8.5 nm. The av-
erage size of the Ru nanofibers was likewise obtained using (100),
(002), and (101) planes and was ~8.7 nm, which is in good agreement
with the TEM results. Thus, the XRD results indicate that the hydrogen
reduction can efficiently provide the desired phase change from RuO,-
to-Ru without any noticeable morphological change. To investigate
the chemical bonding states, XPS measurements were carried out. As
shown in Fig. 3b-d, the XPS of the Ru-3p core levels of Ru nanoparti-
cles-embedded carbon nanofibers, the RuO,-and-Ru nanofiber compos-
ites, and the Ru nanofibers showed that the Ru-3ps,; and Ru-3p;,,
photoelectrons are observed at ~462.0 eV and ~484.6 eV, corresponding
to the metallic Ru phases [26,27]. The XPS of the Ru-3p core levels of the
RuO,-and-Ru nanofiber composites (Fig. 3c), and the Ru nanofibers (Fig.
3d) exhibited two different signals at ~464.6 and ~487.6 eV, which cor-
respond to the Ru-3ps; and Ru-3p; , photoelectrons of the RuO, phase
[28]. The percentage of the Ru phase of the RuO,-and-Ru nanofiber
composites and the Ru nanofibers was 69% and 96%, respectively, im-
plying that the hydrogen reduction was successful. Nevertheless, the
Ru nanofibers still showed small amounts of the RuO, phase which
can be attributed to the oxidization reactions of Ru with O, and water
vapor in the air. Based on XRD and XPS results, the increased amount
of the metallic Ru phases in the Ru nanofibers can directly improve
the electrical conductivity, leading to an increased performance due to
a low charge transfer resistance in DSSCs.

To examine the electrocatalytic activity in the I37/I” electrochemical
system, cyclic voltammetry (CV) was performed using a three-electrode
system. As shown in Fig. 4a, all samples showed two pairs of redox
peaks, corresponding to the following reactions: I3 + 2e™ « 31~
(left) and 3I, + 2e™ < 215 (right). The electrochemical reaction of I3/
I~ in the low potential range is the focus of our analysis. The high
peak current density and the small peak-to-peak separation (Epp) be-
tween the redox peaks denote a small over-potential and a high electro-
catalytic activity toward the I3/I” redox reduction in the counter
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Fig. 3. (a) XRD patterns of carbon nanofibers embedded with Ru nanoparticles, RuO,-and-Ru nanofiber composites, and Ru nanofibers. XPS spectra of Ru-3p of (b) carbon nanofibers
embedded with Ru nanoparticles, (¢) RuO,-and-Ru nanofiber composites, and (d) Ru nanofibers.

electrode [29-31]. The Ru nanofibers exhibited higher peak current
density (~6.3 mA cm~2) and smaller Epp (~2.53 V) compared to the
commercial Pt (~6.1 mA cm™?2, ~2.75 V), Ru nanoparticles-embedded
carbon nanofibers (~5.8 mA cm~?, ~3.33 V), and the RuO,-and-Ru
nanofiber composites (~6.0 mA cm™2, ~2.73 V). The higher peak cur-
rent density and smaller E, of the Ru nanofibers results in an enhance-
ment in its electrocatalytic activity to promote regeneration of the dye.
The increased peak current density can be attributed to the nanofibers’
rough surface while the smaller E;, can be attributed to the increased
electrical conductivity of the Ru nanofibers. To further confirm the elec-
trochemical impedance on the counter electrode, EIS measurements
were performed using symmetric cell configurations. The obtained
Nyquist plots are shown in Fig. 4b. In the Nyquist plot, the intercept
on the real axis at the high frequency region offers the series resistance
(Rs), which describes the interfacial resistance of the ohmic contact be-
tween the counter electrode and the FTO glass substrate [32-34]. The
semicircle in the high frequency region represents the charge transfer

resistance (R.) at the interface of the counter electrode which deter-
mines electrocatalytic activity of the counter electrode toward I5” reduc-
tion [32-34]. Signals in the low-frequency range represent the Warburg
diffusion resistance of the I37/I~ redox couple in the electrolyte [30]. The
R, values of all the samples were almost identical (~13.9 Q cm™2), indi-
cating that the counter electrodes are successfully prepared and are
very compatible with FTO glass substrates. The R value of the commer-
cial Pt, Ru nanoparticles-embedded carbon nanofibers, the RuO,-and-
Ru nanofiber composites, and the Ru nanofibers are 16.4, 26.8, 20.3,
and 12.5 O cm ™2, respectively. Noticeably, Ru nanofibers showed the
lowest R value, which is consistent with the improved electrocatalytic
activity with a rapid rate for I3” reduction due to the higher electrical
conductivity of metallic Ru phases versus those of the RuO,. This is in
good agreement with the CV results. Moreover, the poor performance
of the Ru nanoparticles-embedded carbon nanofibers may be attributed
to the fact that the Ru nanoparticles are encapsulated within the CNF
matrix, which results in the low electrocatalytic activity and a large

(@) ~o : (b) 35
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Ru nanoparticles-embedded —=a— Ru nanoparticles-em bedded
o 6L carbon nanofibers =30 carbon nanofibers
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Fig. 4. (a) Cyclic voltammograms of commercial Pt, carbon nanofibers embedded with Ru nanoparticles, RuO,-and-Ru nanofiber composites, and Ru nanofibers in I3/ electrolyte

composed of 10 mM Lil, 1 m MI,, and 0.1 M LiClO4 in acetonitrile at a scan rate of 50 mV s
frequency range from 0.05 to 100 kHz.
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. (b) Nyquist plots of symmetric cell configurations under amplitude of 10 mV s~ ' in the
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R.. Thus, both the CV and EIS results are consistent and suggest that the
Ru nanofibers perform well as the counter electrode for high-perfor-
mance DSSCs.

The photocurrent density-voltage (J-V) curves of commercial Pt, the
Ru nanoparticles-embedded carbon nanofibers, the RuO,-and-Ru nano-
fiber composites, and the Ru nanofibers for DSSCs were evaluated under
a simulated AM 1.5G illumination intensity of 100 mW cm™ 2, as shown
in Fig. 5. The fill factor (FF) and power conversion efficiency (1)) of DSSCs
were calculated from the J-V curve according to the following equations
where Viax and Jmax are the voltage and current density at the point of
maximum power in the |-V curves, V, is the open-circuit voltage, Js. is
the short-circuit current density (mA cm~2), and Py, is the incident light
power (100 mW cm™—2) [30,35,36].

FF — Vmax X Jmax
Voc X Jse

~ Voe x Je x FF

n%) = x 100%

mn

The detailed photovoltaic parameters are listed in Table 1. The Js
values of the RuO,-and-Ru nanofiber composites and the Ru nanofibers
were increased after post-calcination compared to those of the Ru nano-
particles-embedded carbon nanofibers, indicating that Ru and RuO,
with rough surfaces consisting of nano-sized grains have a strong effect
on the electro-catalytic activity. In addition, the J. value of the Ru nano-
fibers (14.77 mA cm™~2) was higher than the RuO,-and-Ru nanofiber
composites because of an increased electrical conductivity. Additionally,
the m of the Ru nanofibers was 6.23%, which is higher than that of com-
mercial Pt (6.04%) and the other counter electrodes studied. The im-
proved m of the Ru nanofibers could be attributed to the higher J,.
values as well as the lower R, values, which is also supported by the
EIS results. Thus, the excellent electrochemical performance of the Ru
nanofibers as the counter electrode for DSSCs can be attributed to
three main causes: (I) the Ru nanofibers with rough surfaces consisting
of nano-sized grains results in a high number of electrochemical sites,
leading to increased contact area between the electrode and the electro-
lyte, (II) the metallic Ru phase can directly provide the increased electri-
cal conductivity related to a rapid rate for I3” reduction, leading to lower
R values and higher Js. values as well as higher 1), and (IIl) the unique
network structures composed of the one-dimensional NFs can always
provide a rapid electron transfer and a rapid diffusion rate of electrolyte
during the photovoltaic process, resulting in lower Warburg diffusion
resistance.

©
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—=— Ru nanoparticles-embedded
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Fig. 5. The photocurrent density-voltage curves of commercial Pt, carbon nanofibers
embedded with Ru nanoparticles, RuO,-and-Ru nanofiber composites, and Ru
nanofibers for DSSCs.

Table 1

Parameter summary of photovoltaic performance for commercial Pt, carbon nanofibers
embedded with Ru nanoparticles, RuO,-and-Ru nanofiber composites, and Ru nanofibers
as counter electrode for DSSCs.

Voc Jsc (A FF n
Electrodes %) cm~?) %) (%)
Commercial Pt 0.71 14.13 60.25 6.04
Ru nanoparticles-embedded carbon 0.69 12.84 56.20 4.97
nanofibers
Ru0, and Ru nanofiber composites 0.69 13.65 60.13 5.66
Ru nanofibers 0.70 14.77 60.26 6.23

4. Conclusions

Ru nanofibers were synthesized using a sequential process of
electrospinning, post-calcination, and hydrogen reduction. The Ru
nanofibers exhibited rough surfaces consisting of nano-sized grains as
well as a unique network structure. The synthesized Ru nanofibers
showed improved photovoltaic performance, including the lowest R¢,
values (12.5 Q cm™2), the highest Js. values (14.77 mA cm™2), and
the highest 1) (6.23%) among all the samples tested. The improved pho-
tovoltaic performance of the Ru nanofibers can be explained by three
main aspects: (I) the rough surfaces consisting of nano-sized grains re-
sults in a high number of electrochemical sites between the electrode
and the electrolyte, (II) the metallic Ru phase shows high electrical con-
ductivity and improved electrocatalytic activity with a rapid rate for I3
reduction and (III) a unique network structure that allows for a rapid
electron transfer and a rapid diffusion rate of electrolyte during the pho-
tovoltaic process. Therefore, the Ru nanofibers are a promising material
for the use as efficient counter electrodes for high-performance DSSCs.
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