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Sufficient contact, high catalytic activity, free electron transport and ionic diffusion are desired for the
liquid-solid heterogeneous electrocatalysis. However, preparing catalysts that simultaneously possess all
these four advantages has proven challenging. Nanostructures originated from anisotropic growth always
exhibit specific structural advantages and unique properties of physical, chemical or catalytic. Herein, via

=

a facile and template-free approach of the solvothermal, we synthesized W;3049 nanofibers (NFs),
nanofibers bundles (NFBs), as well as hierarchical spheres (HSs). As catalyst for the counter electrode
(CE) of dye-sensitized solar cells (DSCs), W;3O4 NFs demonstrated remarkable electrocatalytic
activities because: (i) abundant oxygen vacancies offered sufficient active sites for reduction of I3 into I’

o

(ii) one dimension NFs were more beneficial to electron transport; (iii) two phase, the liquid electrolyte
and the solid NFs, could fully contacted and meanwhile ions could diffuse freely among the networks
constructed by interlaced NFs. Notably, DSCs using the NF-based semitransparent CE achieved high
photoelectric conversion efficiencies (PCEs) up to 8.58%, superior to that based on NFBs or HSs, and
comparable to that of 8.78% using Pt as CE. Furthermore, it was proved that both the electrolytic activity
20 and the PCEs deteriorated drastically when NFs were destructed. Our work here will be great interest for
both fundamental research and practical applications of W 3049 nanomaterials in other fields.

massive and seriously hinder the carrier transport. In the
Introduction meantime, NPs tend to aggregate together, resulting in loss of the
surface area. Thus at present, it is highly desired to develop
superior catalytic materials that can satisfy all of these
requirements. Due to the strong facets and shape dependent
properties in nanoscale, anisotropic nanostructures usually exhibit
unique properties such as electronic, magnetic and optical,
attractive to scientists in the fields of catalysis, solar cells, light-
emitting diodes, etc.'”?? Transition metal oxides WO, (0<x<1)
have wide practical applications.” ** Among tungsten oxides,
W30y has strong anisotropic growth behavior along [010]
direction. Resultant one dimensional (1D) W;gO49 nanowires
(NWs) or nanorods (NRs) in turn have massive surface oxygen
vacancies.”> In addition, W,304 has high charge carrier density
and has opened up many practical applications in the areas of
electrochromic windows, secondary batteries, optical devices, gas
sensors, and photocatalysts.”’ Recently, Ye et al. found that
ultrathin W30y NWs were efficient in the photochemical
reduction of carbon dioxide.”® Guo et al. also employed W30y

< los (NP d their rel hotoolectri ¢ 6s nanorods (NRs) to transmit visible light and absorb near- infrared
nanoparticles (NPs) and their relevant photoelectric conversion 1ight.26 Up to date, research on using one dimensional W50y

I 17
efﬁc1enc1ess (PCEs) were 1.07% fl(;r Cr;03, 5.40% for V;0;, .6'0% nanostructures for CE fabrication has been merely reported in the
for WO,,” 6.96% for o-Fe,O;.° As we all know, sufficient field of DSCs

contact, high catalytic activity, free electron transport and ionic
diffusion are critical for the liquid-solid heterogeneous catalysis.

Dye-sensitized solar cells (DSCs), one of the most promising

photovoltaic devices, are attractive to scientists and manufactures
2s due to their unique advantages, such as relative low-cost, high
efficiency, facile fabrication, colorization, ete. Among the key
components of DSCs, the counter electrode (CE), which is
responsible for collection of electrons from external circuit and
reduction of Iy into I, has been generally fabricated by
depositing the notable metal platinum (Pt) on FTO conductive
glass.* Consequently, replacing Pt with inexpensive but efficient
catalyst is meaningful and has become one of the priorities in this
field. Recent years, our papers, as well as those from other groups,
have demonstrated the applications of inorganic materials for
fabricating CEs of DSCs, including oxides,> © nitrides, '°
carbides,'! sulfides,'> ' selenides', and phosphides.ls’ 16 Of these
materials, oxides are relatively stable, cost-effective, abundant in
variety and facile in preparation.

To date, most of the oxides used as CEs for DSCs are
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Herein, via a template-free solvothermal route, we reported the
X ) . 70 preparation of anisotropic-growth-induced 1D W,3O,9 nanofibers
45 In these NPs-based CEs, however, inter-particle boundaries are (NFs), self-assembled nanofiber bundles (NFBs), as well as
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Scheme 1. (a) and (b) Unit cell structure and atomic arrangements of the W;30,9; (c) schematic showing facilitated catalytic reaction and
fast electron transport along one dimensional W30, nanostructures; (d) schematic of the counter electrode based on interlaced W30,

s nanofibers.

hierarchical spheres (HSs). As demonstrated in Scheme 1,
structural advantages of W;3O4 NFs enabled these
nanostructures to be superior catalyst as the CE for DSCs. Firstly,
10 unique crystal structure offers abundant oxygen vacancies as
active sites for reduction of I3 into I'. Secondly, one dimension
NFs are more beneficial to electron transport. Thirdly, two phase,
the liquid electrolyte and the solid NFs, can fully contacted and
meanwhile ions could diffuse freely among the networks
15 constructed by interlacing of NFs. Notably, DSCs using the NF-
based, semitransparent CE achieved high PCEs up to 8.58%,
superior to that based on NFBs or HSs, and comparable to that of
8.78% using Pt as CE. Furthermore, it was proved that both the
electrolytic activity and the PCEs deteriorated drastically when
20 NFs were destructed.

Experimental Section

Synthesis: In a typical procedure, a certain amount of WClg was
dissolved in 50 mL ethanol to form clear yellow solution that was
then transferred into a Teflon-lined autoclave. After being heated
2s at 180 °C for 24 h, the mixture was cooled to room temperature
naturally. The product was collected by centrifugation and
washed repeatedly with water and ethanol, finally followed by
vacuum drying at 45°C overnight.
Preparation of CEs: As-synthesized W 3049 powders (10 mg)
30 were dispersed in isopropanol (3 mL). Then obtained suspension
(0.5 ml) was sprayed on FTO glass (0.8 ¢cm X 10 cm). The

%3
=

obtained films was sintered in nitrogen atmosphere at 500 °C for
30 min. Noble metal Pt CEs were fabricated by pyrolysis H,PtClg
on FTO glass as previously reported.* ¥

Solar cell fabrication: A layer of 20 nm-sized TiO, (P25,
Degussa, Germany) layer (12 pum) was printed on FTO glass.
When the obtained films sintered at 500 °C were cooled to 90 °C,
they were immersed in a solution of N719 dye (5 x 10™* M) in
acetonitrile/tert-butyl alcohol (1:1 volume ration) for 22 h. The
electrolyte for solar cell was composed of Lil (0.03 M), 1-butyl-
3-methylimidazolium iodide (0.6 M), I, (0.03 M), 4-tert-butyl
pyridine (0.5 M), guanidinium thiocyanate in acetonitrile (0.1 M).
The architecture of DSCs was assembled by sandwiching
electrolyte with a sensitized TiO, photoanode and a counter
electrode.

Characterizations: XRD patterns were obtained using
PANalyticalX 'Pert diffractometer (Cu Ka radiation at A = 1.54 A)
sampling at 2°/ min, 40 kV and 100 mA. Nanostructures of our
samples were characterized and analyzed by scanning electron
microscopy (SEM, Nova Nano SEM 450), transmission electron
microscopy (TEM, FEI Tecnai G2 F30). UV/Vis/NIR absorption
spectrum was obtained using UV/Vis/NIR spectrometer
(Perkinelmer, lambda, 750S). The films thicknesses were
measured using film-thickness measuring device (Surfcom 130A,
Japan). The photocurrent—voltage performance of the DSCs was
measured by a Keithley digital source meter (Keithley 2601, USA)
equipped with a solar simulator (PEC-L15, Peccell, Yokohama,
Japan). EIS experiments were measured in the dummy cells in the
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Figure 1. (a) SEM image of the interlaced W3O, NFs; (b) and (c) TEM images of the W3049 NFs, the insert in (c) is selected area
electron diffraction pattern; (d) XRD pattern of the W 3049 NFs; (¢) UV/Vis/NIR absorption spectra of W3049 NFs. (f) cross-sectional
s SEM image of film composed of W 30,9 NFs; (g) a photo showing the semitransparency of our CE based on W 3O49 NFs.

dark using a computer-controlled potentiostat (ZenniumZahner,
Germany). Tafel polarization measurements were carried out

10 with an electrochemical workstation system (CHI630, Chenhua,
and Shanghai) in a symmetrical dummy cell. Effective area of the
symmetrical cells in the EIS and Tefal-polarization tests was 0.64

sz.

Results and Discussions

15 Our W30y49 NFs were prepared via the solvothermal that was
conducted by heating the sealed mixture of 0.10 g WClg and 50
ml ethanol at 180 °C for 24 hours. Obtained product was
designated as sample 1. Scanning electron microscopic (SEM)
image in Figure 1a clearly illustrates the morphology of sample 1,

20 in which massive NFs are densely and randomly interlaced
together, thus offering a desired network structure for subsequent
heterogeneous catalytic reaction. It can be found in Figure la that
aspect ratios of these bent 1D nanostructures are generally high.
Since no surfactant or shape-guiding agent was applied in our

»s synthesis, preferred growth along one specific direction
dominated the final shape of the NFs. Lengths of some long NFs
nearly approach 4 pm while their diameters are well confined
within the range from 10 nm to 65 nm (see the enlarged SEM
image in Figure S1). Our inhomogeneity NFs with large aspect

30 ratios are also illustrated by transmission electron microscopy
(TEM) image in Figure 1b. In addition, the high resolution TEM
(HRTEM) image and corresponding selected area -electron
diffraction (SAED) of a NF (with a diameter of ca. 30 nm) are
shown in Figure lc, in which the interplanar d-spacing is

35 approximately 0.378 nm, in good agreement with that of the

monoclinic W3Oy along [010] direction. Among tungsten oxides,

Wi50y49 usually exhibits anisotropic growth along [010], thus

tending to form 1D nanostructures. For some NFs, however, the

stacking faults exist in the direction perpendicular to [010], as
40 demonstrated in Figure S2. Thus it can hardly be said that all of
our NFs are perfect monocrystalline. This finding is similar with
previous report. X-ray diffraction (XRD) pattern in Figure 1d
further confirms the phase of our NFs to be monoclinic W;gOy4
since all peaks can be well assigned according to Joint Committee
4s on Powder Diffraction Standards Cards (No. 71-2450). Actually,

Wi5049 nanostructures have been reported many times in one-

dimensional forms like nanorods and nanofibers, even without

using shape-guiding agents.”> 2 We all know that WOq

octahedron is one kind of basic unit in tungsten oxides.
s0 According to the chemical bonding theory of single crystal
growth, the fastest growth rate can be achieved by linking WO
octahedra to form linear rows.>* 3! F ig. la shows the W3Oy unit
cell structure, in which the WOy octahedra attach to each other in
a complex way by sharing corners and edges. Obviously,
compared with another two directions, it is much easier to grow
along b axis since these WOg octahedra can be linked as linearly
as possible.

As well known, structure-dependent properties in level of
nanoscale are of great significance for nowadays photochemical
0 or photovoltaic devices. Sufficient contact, high catalytic activity,

free electron transport and ionic diffusion are desired for liquid-

solid heterogeneous catalysis. Fortunately, our W30, NFs can

be regarded as ideal nanomaterial in terms of satisfying these four

criteria simultaneously. These NFs have large surface area
s exposed and more importantly the nonstoichiometric WgOyg

o
a
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Table 1. Photovoltaic parameters of the DSCs from the J-V curves shown in Figure 3 and EIS parameters of the symmetrical

cells based on these CEs

CE Ve (V) J (MA cm™?) FF PCE (%) R (Q) R, (Q) Zn ()
NFs 0.70 17.14 0.66 7.94 14.52 0.98 451
NFBs 0.71 17.08 0.63 7.66 15.42 1.18 6.12
HSs 0.71 16.50 0.53 6.20 14.24 29.12 7.56
Pt 0.70 16.69 0.68 8.01 9.73 3.30 2.73
5
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Figure 2. W30, products prepared under
concentration: (a) and (b) sample 2, synthesized in 0.17 g
10 WClg in 50 ml ethanol; (c¢) and (d) sample 3 synthesized in
0.50 g WClg in 50 ml ethanol.

increased reactant

itself can offer massive oxygen deficiencies, as evidenced by
ultraviolet/visible/near  infrared (UV/Vis/NIR)  absorption
15 spectroscopy in Figure le. According to previous reports, the
large absorption tail extending from visible to near infrared (NIR)
range is thought to be closely related to the free electrons and
oxygen-vacancy-induced small polarons.ZS'28 Undoubtedly, with
these oxygen vacancies our W3O, NFs can offer abundant active
20 sites for catalytic reaction. In terms of charge transport, electrons
are able to travel freely along these long 1D W3Oy
nanostructures as well as their interlaced networks, instead of
being scattered repeatedly by grain boundaries of particulate
nanostructures. Furthermore, broad spacing or channels among
2s these WgO,9 NFs, as illustrated either by top-view SEM image in
Figure la or the cross-sectional one in Figure If, are
advantageous for pore-filling and ionic diffusion. Finally, when
Wis049 NFs were sprayed onto FTO glass, the as-fabricated CE
shown in Figure 1g was semi-transparent.
30 For better understanding the superiorities of NFs in subsequent
photovoltaic devices, we prepared another two differently
structured samples for systematic comparison. In synthesis of
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35 Figure 3. (a) J-V curves of DSCs based on different CEs; (b)
transmittances of W3049 NFs-based CE and Pt CE.

aforementioned sample 1, WCl4 contained in 50 ml ethanol was
only 0.10 g. When slightly increasing WClg from 0.10 g to 0.17 g,
40 sample 2 was obtained and differed a lot from sample 1 in
morphology. Rather than these randomly interlaced NFs in
sample 1, NFs in sample 2 were inclined to be loosely bundled
together by self-assembled, as shown in Figure 2a and 2b.
Compared sample 1, dimensions of these NFs bundles (NFBs) in
45 sample 2 however are largely decreased to below 1 um. Sample 3
was prepared by increasing WClg to 0.5 g, products shown in
Figure 2c are submicron 3D hierarchical spheres (HSs) in which
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Figure 4. Electrochemical characterizations. Part I: measurements of the symmetrical cells fabricated with two identical CEs,
(a) and (b) Nyquist plots displayed at different ranges; (c) Tafel curves. Part II: 20 consecutive CVs of the W,3049 NFs-based
s CE in electrolyte solution containing 2 mM Lil, 0.02 mM I,, and 20 mM LiClOy; anodic and cathodic peak current densities

versus cycle times (the inset).

10 some NFs outstretch, as sea urchin. Crystal phase of these two
samples were also identified as monoclinic W3O, by XRD
results (Figure S3). We can find that, as the increase of precursor
concentration, WgO49 NFs are decreased in length and apt to
aggregate together. BET measurements performed in our work

s revealed the specific areas of 43.30 m® g, 60.80 m® g' and 69.94
m’® g for NFs, NFBs and HSs, respectively. This trend could be
probably ascribed to the decreased length of NFs in these three
samples. The low magnification SEM images of morphology of
WigO49 synthesized in corresponding concentration were

20 provided in Figure S4, S5, and S6.

By spraying onto FTO glass, these three samples were
fabricated into CEs and meanwhile traditional Pt CE was used as
reference. To start with, photocurrent density-voltage (J-V)
curves were obtained by characterizing these DSCs under AM 1.5,

25 100 mW cm™ simulated illumination, as demonstrated in Figure

3a. The detailed photovoltaic parameters are summarized in Table
1. We can found that the DSCs based on W3049 NFs gave PCEs
of 7.94%, the highest one among these three samples and nearly
approaching that of 8.01% based on Pt CE. Although
30 nanostructures in sample 2 were Wi304 NFBs, no obvious
changes were observed for open-circuit voltage (V,.) and short-
circuit current density (Jg.) for the corresponding DSCs. Thus, for
NFBs-based DSCs, the slight decrease in PCEs from 7.94% to
7.66% could be attributed to the decreased fill factor (FF). When
35 using W3Oy49 HSs-based CE, deterioration in FF (from 0.63 to
0.53) of the DSCs became more pronounced and finally resulted
in a relative low PCEs of 6.20%. We all know that nanostructures
of CEs in such electro-catalytic system are vital to catalytic
reaction, ionic diffusion and electron transport, in turn greatly
4 affecting the FF of DSCs. Hence, it is necessary to carry out
investigations to reveal the relationships between CEs
nanostructures and DSCs performances. In addition, as shown in

This journal is © The Royal Society of Chemistry [year]
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Figure 5. SEM image of WgO,9 NFs: (a) original and (b) destructed by grinding; Tafel (c) curves of the symmetric cells of
original WgO,9 NFs and destructed one by grinding; J-V7 (d) curves of the relevant DSCs devices based on of original W gOyo

s NFs and destructed one by grinding.

Figure 3b, we compared the light transmittance and found that
W 3049 NFs-based CEs was superior to Pt-based CE. It can be

10 regarded as another advantage of using our W30y NFs as CE
since the high transmittance can meet the demand to allow for
fabrication of mechanically stacked DSCs tandems, partially
transparent DSCs for building integration, and DSCs based on
metal foil substrates.

15 Electrochemical methods of electrochemical impendence
spectroscopy (EIS), Tafel-polarization, and cyclic voltammetry
(CV) were used to reveal the inherent mechanism by which
nanostructures affect the catalytic reaction and the performance
of DSCs. Under the condition of dark, EIS measurements were

20 performed with symmetrical cells consisting of two identical CEs.

The results are shown in Figure 4a and 4b, meanwhile, an
equivalent circuit diagram (the insert in Figure 4a) is provided for
fitting Nyquist plots with the well-known software, the “Z-
view”."> 32 Each plot is composed of two irregular semicircles,
»s among which the first one arises from the charge transfer
resistance R (for I3” reduction) at the CE/electrolyte interface.
The second semicircle is derived from the Nernst diffusion

=
=3

s
&

impedance (Zy) of I;7/I" within electrolyte. Besides, value of the
real part of Nyquist plot at the starting point (or intercept on the
real axis) corresponds to the series resistance R,. Fitting results of
Nyquist plots are listed in Table 1, from which we can easily find
that R values for our three W3049 samples are almost the same
but larger than that of Pt CE. R of 0.98 Q and 1.18 Q for CEs
based on NFs and NFBs, however, are obviously smaller than
that of 3.30 Q for Pt CE. For samples 1 and 2, such good catalytic
activities are highly relevant to their structural advantages, e.g.
interlaced network, large specific area, abundant reaction sites,
and thorough contact with the electrolyte solution. By contrast,
the catalytic activity of HSs-based CE is quite unsatisfactory
since its R of 29.12 Q is far beyond that of another three CEs.
As aforementioned, of these three W30, samples, HSs of
sample 3 has the largest specific area of 69.94 m* g'. Thus
accordingly, its catalytic activity is supposed to be better if the
surface is fully utilized for catalytic reaction. Returning to SEM
images in Figure 2, we may find out some limiting factors to the
electrolytic activity of sample 3. As we know, fast carrier
transport is preferred for heterogeneous electrocatalysis. Unlike
NFs CEs in which electrons could transport freely along the
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Table 2. Photovoltaic parameters of the DSCs based on
W18049 NFS, destructed W18049 NFs and Pt CEs

CE Vol V Js/ mAcm™ FF PCE/%
W 5040 NFs 0.73 17.39 0.68 8.58
After grinding 0.73 17.59 0.41 5.26
Pt 0.74 17.65 0.67 8.78

=

2

2

3

3

4

4

S

s interlaced NFs network, in HSs slow electron transport owing to
the deficient contact between adjacent HSs may be regarded as
one possible reason for its relative poor catalytic performance.
Besides, in HSs the NFs are tightly aggregated together, thus
electrolyte solution tends to be confined within the tiny pores and
ionic diffusion will slow down. Because of that, Zy for HSs-based
CE was larger than that of Pt CE and another two.

Using the same symmetrical cells as in the case of EIS, Tafel
curves were obtained by plotting polarization current (Log J) as a
function of applied potential (U).** In Figure 4c, the limiting
diffusion zone at the high potential arises from ionic diffusion of
triiodide (I3") and iodide (I) in the electrolyte. The sharp decrease
at the middle potential is the Tafel zone, corresponding to charge
transfer between I;” and CE. For HSs, current densities stemming
from both ionic diffusion and charge transfer are obvious smaller
o than that of Pt and another W 3049 samples, in good accordance
with EIS measurements. In this work, by means of consecutive
CV measurements, we also elucidated how stable our NFs-based
CE was in electrolyte solution. As can be found in Figure 4d, 20
CV curves coincide very well, indicating that our WgO49 NFs-
based CE has a good stability under the practical working
conditions. To study whether there was destruction or corrosion
of W30, during the reaction at counter electrode, we immersed
W3Oy CEs in electrolyte of DSSCs for 48 h and then
characterized it with SEM. As shown in Fig. S8, no obvious
destruction was observed for W04 NFs after immersing
treatment.

Based on above characterizations and discussions, for these
three W3Oy samples we believe it was the nanostructure-
dependent electrocatalytic activity that mainly determined FF and
final PCE of DSCs. Undoubtedly, as CE material for liquid-solid
heterogeneous electrocatalysis in DSCs, the interlaced W3Oy
NFs network is the most ideal nanostructure among our samples
since it can well satisfy these criteria like sufficient contact, high
catalytic activity, free electron transport and ionic diffusion. For
o further proving the importance of this nanostructure, we
thoroughly destructed W 3O49 NFs on purpose. As demonstrated
in Figure 5a and Sb, after 30 min grinding our original NFs
changed into aggregated particles and meanwhile the specific
area was drastically decreased to 8.5 m’ g'. We can easily
observe that the destructed NFs almost lost all structural
advantages. Tafel curves in Figure 6a suggests that the charge-
transfer current of the CE based on destructed NFs is far below
that of the one based on the un-destructed. On the other hand, EIS
result (Figure S7) also indicated the severely lowered
electrocatalytic activity since the R, increased from 0.98 Q to
15.42 Q after W3O49 NFs being destroyed. J-V measurements
were conducted subsequently and detailed parameters are
summarized in Table 2. After destruction, decreases in FF from

o

o

S

by

o

S
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0.68 to 0.41 and in PCE from 8.58% to 5.26% were extremely
serious. Under the same condition, PCE of DSCs based on Pt CE
was 8.78%. Once again, above results confirmed that our W3Oy
NFs was comparable to Pt as CEs for DSCs.

Conclusions

In summary, using the solvothermal route we reported the
preparations of three W3O, nanostructures, 1D W 3O49 NFs
induced by anisotropic growth, self-assembled NFBs, as well as
HSs. As the CE for DSCs, these interlaced W;3O49 NFs offered a
desired network structure for heterogeneous electro-catalysis and
exhibited multi-superiorities by offering abundant active sites,
interlaced highways for electron transport and broad pore
structures for thorough contact with electrolyte solution.
Systematic comparisons were conducted to reveal the influence
of nanostructure on electrocatalytic activity. Notably, our semi-
transparent W 3O49 NFs CEs enabled the DSCs to achieve a high
PCE of 8.58%, quite close to that of 8.78% for the Pt-based and
can be regarded as an ideal material for catalytic reaction in DSCs.
It is believed that such materials and nanostructures will be of
great interest to researches of other fields.
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