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WS,-based nanomaterials have been extensively studied due to their
unique catalytic properties. However, it is still a great challenge to
prepare WS,-based electrocatalysts with both maximally active edge
sites exposure and high electronic conductivity. In this work, we have
engineered a 1D-2D multidimensional nanostructured TiO, nanorod@
carbon layer supported flower-like WS, nanosheets (TNRs@C@WS,)
electrocatalyst with abundant exposed active edge sites as well as high
electron transfer abilities. The TNRs@C@WS, was explored as a good
catalyst for the triiodide reduction reaction. The assembled dye-
sensitized solar cell achieves a high photoelectric conversion efficiency
(7.15%) and comparable to that (7.18%) of Pt. This unique 1D—2D multi-
dimensional nanostructure may open up new opportunities for a variety
of applications in clean energy and catalysis.

Introduction

Layered transition metal dichalcogenide (TMD) materials have
gained a great deal of attention owing to their intriguing
catalytic properties."™ Layered TMDs have strong covalent
bonds in plane and weak van der Waals interactions between
the adjacent layers to form a bulk crystal.” The weak interlayer
interactions enable the exfoliation of the layered TMDs into
single- or few-layer two-dimensional (2D) nanosheets (NSs) with
unique catalytic properties.®™ Specifically, 2D MS, (M = Mo, W)
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NSs have been demonstrated to be promising replacements for
Pt-based catalysts toward electrocatalytic reactions, such as the
hydrogen evolution reaction (HER) and the triiodide reduction
reaction (IRR), due to their high electrocatalytic activity, excellent
chemical stability, and cost-effectiveness.'®"” However, it is
generally believed that the electrocatalytic activity of 2D MS,
NSs mainly arises from their edges."®° Additionally, the intrinsic
low electronic conductivity of MS, has greatly limited its electro-
catalytic reaction kinetics. In the last two decades, great efforts
have been made to explore various forms of MS, nanomaterials
for HER or IRR applications, where the guiding principle has
most often been to expose the active edge sites or increase the
electronic conductivity.”’® For example, constructing vertically
aligned NSs or defect-engineered NSs for maximally exposing the
active edge sites, and growing MS, on carbon nanomaterials or
other electronic conductive nano-substrates for reducing the
charge transfer resistance.”>””>° However, it is still a huge
challenge to prepare WSy-based catalysts with both maximally
exposed active sites and high electron transfer capacities.

In this work, we have designed a 2D flower-like WS,
nanosheets electrocatalyst, loaded on a one-dimensional (1D)
TiO, nanorods@carbon layers (TNRs@C) nano-substrate
(Fig. 1). The carbon layers coated 1D TNRs were realized by a
simple hydrothermal method. The 1D TNRs@C supported 2D
flower-like WS, nanosheets (TNRs@C@WS,) were obtained via
a chemical vapor deposition (CVD) process. The detailed synthetic
methods and characterizations are given in the experimental
section. The prepared 1D-2D multidimensional nanostructured
TNRs@C@WS, was introduced as an effective catalyst for the IRR.

Hydrothermal : \ ‘ ‘» Ff l.(l A CVD Vv i .» \!
Ut v
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TNRs TNRs@C TNRs@C@WS,

Fig. 1 The fabrication process for TNRs@C@Ws,.
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The assembled dye-sensitized solar cell (DSSC) achieves a high
photoelectric conversion efficiency (PCE) (7.15%), which is com-
parable to that (7.18%) of Pt.

Experimental
Fabrication of TNRs/C

Concentrated hydrochloric acid (40 mL) and titanium tetra-
chloride (400 pL) were added to distilled water (50 mL) and
stirred for 25 min. The mixture and FTO substrates were placed
inside the Teflon-coated autoclave. The autoclave was hydro-
thermally treated in an oven at 180 °C for 120 min and cooled
down to room temperature naturally. Then, the 1D TNR samples
were obtained. Glucose (~1 g) was mixed with 18 mL deionized
water to form a homogeneous glucose solution. The glucose
solution and TNRs were placed into the autoclave and kept
at 180 °C for 4 h, after which the TNRs@C samples were
obtained.

Fabrication of TNRs@C@WS,

The TNRs@C sample was put into a mixture of ammonium
tungstate ((NH,)10H(W205)s) (99.99%, Macklin)and distilled
water (150 mg mL™") for about 30 min. After air-drying, the
TNRs@C@W-precursor and sulfur powder were put into a
chemical vapor deposition (CVD) system. The procedure was
ramped to 500 °C under N, (99.9%) flow at a rate of 10 °C min *,
and kept at 500 °C for 30 min, then cooled down naturally.

Fabrication of the DSSC device

The screen-printing method was used to synthesize the photo-
anode. TiO, photoanodes were sensitized by Ru-dyes N719 and
coupled with one of the CEs (TNRs@C@WS, or Pt) to fabricate
DSSCs. The electrolyte of iodide/triiodide was injected into the
space between the photoanodes and CEs.

Material characterization and electrochemical measurements

Scanning electron microscopy (SEM, FEI) and transmission
electron microscopy (TEM, JEM-2100) were used to characterize
the morphologies of the samples. Raman spectra were recorded
on a Horiba-JY HR 800 equipped with a 514.5 nm laser source.
Cyclic voltammetry (CV) measurements were performed in the
standard three-electrode system using a CHI760E electro-
chemical workstation. Ag/AgCl and a platinum wire were used
as the reference electrode and counter electrode, respectively.
10 mM Lil, 0.1 M LiClO4, and 1 mM I, were mixed in
acetonitrile and employed as an electrolyte. Current-voltage
(I-V) characteristics of the CEs were obtained using a Keithley
2400 under Newport Oriel 91.192 simulated illumination in the
dark and under AM1.5, 100 mW cm™ 2. The EIS tests were
measured at open circuit potential in the frequency range from
0.01 to 10°> Hz with a perturbation amplitude of 5 mV.
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Results and discussion
Structure and morphology

The SEM and TEM techniques were employed to study the
nanostructure of the TNRs and TNRs@C. The SEM images of
the TNRs are shown in Fig. Sia in the ESI.{ The 1D nanorods
are vertically aligned to the FTO substrate. The average dia-
meter of the nanorods is about 80 nm, and the mean height of
the nanorods is about 800 nm (Fig. S1a, ESIt). The SEM image
of TNRs@C is shown in Fig. S1b (ESIt), and the TNRs@C also
exhibits a nanorod-like morphology. Moreover, this unique 1D
nanostructure is beneficial for the electron and electrolyte ion
transport during the electrocatalytic reaction. The elemental
distribution of the TNRs@C was analyzed by elemental mapping
(Fig. S1d-f, ESIt). The results demonstrate that C, O, and Ti are
presented and evenly distributed in the TNR nano-substrate.
TNRs@C was also investigated by transmission electron micro-
scopy (TEM). As shown in Fig. S1j and h (ESIt) the thickness of
the carbon nanofilm layer is about 3 nm.

The morphology of the as-designed 1D-2D multidimen-
sional TNRs@C@WS, was studied by SEM and TEM. The
flower-like WS, is made up of 2D edge-oriented thin WS,
nanosheets, growing on top of 1D TNRs@C, and the average
diameter of flower-like WS, is ~800 nm (Fig. 2a and b). These
particular flower-like WS, nanostructures ensured that the

Fig. 2 (a and b) SEM images of the TNRs@C@WS,. (c): STEM image and
EDS elemental mapping of (d) sulphur, (e) tungsten, (f) carbon, (g) oxygen
and (h) titanium elements in TNRs@C@WS;. (i) TEM and (j) HR-TEM images
of TNRs@C@Ws,.
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exposure of abundant edge sites of TNRs@C@WS, was per-
formed using SEM. The elements of S, W, C, O, and Ti are
detected in the 1D-2D multidimensional nanostructured
TNRs@C@WS, by EDS elemental mapping under scanning
transmission electron microscopy (STEM) (Fig. 2c-h). The
TEM image of TNRs@C@WS, shows that the WS, nanosheet
is tightly attached to the 1D TNRs/C nano-substrate (Fig. 2i).
The thickness of the WS, nanosheet is ~5 nm (about 8 layers).
By high-resolution TEM (HR-TEM), lattice fringes of the WS,
nanosheet are clearly observed, suggesting that the obtained
WS, nanosheet has a good crystallinity (Fig. 2j). WS, shows a
lattice fringe, corresponding to the (002) plane of 2H-WS,,
which is about 0.63 nm. These results demonstrate that
TNRs@C@WS,, is composed of 1D TNRs coated with a con-
ductive carbon layer for efficient electron and electrolyte ion
transport, and 2D edge-oriented WS, nanosheets provide plenty
of exposed active edge sites. In view of fast electron and
electrolyte ion transport, as well as abundant exposed active
edge sites, the 1D-2D multidimensional nanostructured
TNRs@C@WS, is believed to act as a high performance
electrocatalyst.

Fig. 3a displays the Raman spectra of different materials. The
Raman spectrum of TNRs shows peaks at ~239.9 (two-phonon
scattering mode), ~446.3 (E, mode) and ~610.3 (A;; mode)
cm ™, indicating the rutile phase.*"*> However, compared with
TNRs, the TNRs/C reveals two other peaks at ~1372.2 and
~1595.3 cm~ ', These two peaks are assignable to the D-band
(~1372.2 cm™ ") and G-band (~1595.3 cm™ ") of carbon. Apparently,
TNRs@C@WS, displays two more peaks, corresponding to Elzg
(~348.5 cm™ ') and A', (~413.2 cm™ ') modes of WS,, respectively.
In addition, the chemical composition of the TNRs@C@WS, was
collected using EDS. The EDS spectrum displays that S, W, C, O, and
Ti exist in the 1D-2D multidimensional nanostructured material,
which agrees well with the elemental mapping results. This further
confirms the results of Raman (Fig. 3b).

Electrochemical properties of TNRs@C@WS,,

The TNRs@C@WS, was exploited to fabricate a DSSC as a CE.
The catalytic activities of the CEs were evaluated by CV analyses
(Fig. 4a). Two pairs of obvious redox peaks can be clearly
observed for the Pt based CE, revealing the high electrocatalytic
activity of the Pt CE towards the IRR. The peak shapes and
positions of the TNRs@C@WS, CE are similar to those of Pt

a E%gAlg TNRs@C@WS, b
sk . > = i ’ = &
2z TNRs@C 2z
2 p_ S 2
Q 2
£ £
TNRs
250 500 750 1000 1250 1500 1750 O 1 2 3 4 5
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Fig. 3 (a) Raman spectra of TNRs, TNRs@C, and TNRs@C@WS,. (b) The
EDS spectrum of TNRs@C@WS,. The Sn signals come from the FTO
substrate.
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Fig. 4 (a) CV curves using TNRs@C@WS, and Pt as CEs for the iodide/
triiodide redox couple in the electrolyte at a scan rate of 50 mV s~ (b) [-V
curves of DSSCs using TNRs@C@WS, and Pt as CEs.
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CE, indicating the high electrocatalytic activity of the
TNRs@C@WS,. In order to understand the charge-transfer
mechanism, the CV performances of the TNRs@C@WS, CE
at various scan rates were measured. As shown in Fig. S2a
(ESIT), the peak current densities increased with increasing
scanning rates, and linear relationships between the peak
currents and square roots of scan rate are observed (Fig. S2b,
ESIt). This result indicates that the electrochemical reaction on
the TNRs@C@WS, CE is a diffusion-controlled process.**3¢

Meanwhile, the I-V curves of the DSSCs using Pt and
TNRs@C@WS, CEs are exhibited in Fig. 4b, and detailed
photovoltaic parameters of the DSSCs are collected (Table 1).
TNRs@C@WS, CE displayed a PCE of 7.15%, which is very
close to that (7.18%) of the Pt CE. This high PCE can be mainly
attributed to the unique 1D-2D multidimensional nano-
structure of TNRs@C@WS, which possesses not only a large
amount of exposed active edge sites but also a small charge
transfer resistance. Additionally, the photovoltaic parameters
for the DSSCs with different MS,-based CEs are displayed in
Table 2. The PCE (7.15%) of the TNRs@C@WS,, based DSSC is
among the best of other MS,-based DSSC devices, indicating
excellent electrocatalytic activity of TNRs@C@WS, toward
the IRR.

EIS experiments were used to elucidate the electron trans-
port behavior and further evaluate the electrocatalytic activities
of the Pt and TNRs@C@WS, CEs. Fig. 5a shows the Nyquist
plots of the dummy cells, and the corresponding EIS para-
meters were obtained by the Z-view software (Table 1). The Ry
value of TNRsS@C@WS, (4.326 Q cm?) was comparable to that
of Pt (3.985 Q cm?®), suggesting a good bonding strength
between the FTO substrate and the nanostructured
TNRs@C@WS,, which in turn promotes the transfer of holes
from the electrolyte or of electrons from the external circuit to
the CE.*” The semicircle at the high-frequency region corresponds
to the charge-transfer resistance (R.) at the electrolyte—electrode
interface.>®*** In addition, the low R usually points to the high

Table 1 Photovoltaic and EIS parameters of DSSCs with different CEs

Jsc (mA Voc PCE R, (Q R (Q
CEs cm?) (\%] FF (%) cm?) cm?)
Pt 13.9 0.758 0.68 7.18 3.985 4.261
TNRs@C@WS, 14.2 0.743 0.68 7.15 4.326 9.352
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Table 2 Photovoltaic parameters for the DSSCs with different MS,-based
CEs

CEs Jse (MA cm™) V. (V) FF  PCE (%) Ref.
TiO,-WS, 13.43 0.71 0.66 6.3 44
1T MoS, 18.76 0.73 0.52 7.08 14
G-MoS, 16.1 0.66 0.67 7.1 45
TNAS@FL-MoS, 14.45 0.751 0.66 7.16 46
WS,/ MWCNT 13.63 0.75 0.72 7.36 23
W-N/C@C0,Ss@WS, 15.74 072  0.65 7.38 47
TNRs@C@WS, 14.2 0.743 0.68 7.15 This work
a10- CPE bz Pt
—— TNRs@C@WS,
84 L] L
— |—e—Pt { R ] 51
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Fig. 5 (a) Nyquist plots and (b) Tafel polarization curves of DSSCs using
TNRs@C@WS, and Pt as CEs.

electrocatalytic activity of the CE, resulting in the acceleration of
the high electron-transfer process at the electrolyte/CE interface.
The low R values of TNRsS@C@WS, CE (9.352 Q cm?®) and Pt
(4.261 Q cm?®) suggest the low electron transport resistances as
well as good electrocatalytic activities of the electrocatalysts for the
IRR. Tafel polarization was also carried out to elucidate the
electrocatalytic activity of the CEs for DSSCs. The Tafel polariza-
tion curves for the TNRs@C@WS, and Pt CEs are displayed in
Fig. 5b. The TNRs@C@WS, shows an exchange current density
(Jo) value assimilable to that of the Pt CE. This also means that
TNRs@C@WS, has a good electrocatalytic activity for the IRR.
These results provide further support for the analysis of CV, IV,
and EIS measurements.

In addition to the high electrocatalytic activity, TNRs@C@WS,
also has outstanding durability toward the IRR. Fig. S3 (ESIt)
exhibits the stability of TNRs@C@WS,. CV analysis was carried
out to evaluate the electrochemical stability of the TNRs@C@WS,
CE (Fig. S3a, ESIt). The TNRs@C@WS, CE exhibits no remarkable
change after 20 consecutive voltammetric cycles. Furthermore, the
long-term stability of the DSSC with the TNRs@C@WS, CE was
also analyzed (Fig. S3b, ESIT). The value of PCE is found to be only
slightly decreased relative to the initial value (from 7.15% to 6.95%)
after being stored for 20 days under ambient conditions, suggesting
its good long-term stability.

Conclusions

In summary, we have achieved a 1D-2D multidimensional
nanostructured TNRs@C@WS, consisting of 1D TNRs@C
nanorods and 2D flower-like edge-oriented WS, nanosheets.
1D TNRs@C nanorods allowed for highly efficient electron and
electrolyte ion transport, while the 2D edge-oriented WS,
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nanosheets guaranteed the abundant active edge sites. Thus, this
unique 1D-2D multidimensional nanostructured TNRs@C@WS,
ensures sufficient catalytic activity for electrocatalytic reactions.
TNRs@C@WS, was determined as a good electrocatalyst for the
IRR in a DSSC, exhibiting a high PCE of 7.15%, which is among
the best of the MS,-based CEs and comparable to that of (7.18%)
the Pt CE, owing to its high electron transportability as well as the
abundant exposed active edge sites of the nanomaterials. In
addition, the WS, based 1D-2D multidimensional nanostructured
materials with both good electronic conductivity and high electro-
catalytic activity show promising potential for applications in
high-performance electrocatalysis.
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