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PtO-MWCNTs nanocomposites were prepared by a trithiol-terminated poly(methacrylic acid) (PMAA-PTTM)
polymer ligands assisted strategy and were applied as counter electrode (CE) in dye-sensitized solar cells (DSCs)
for the first time. PtO-MWCNTs nanocomposites CE based DSCs showed an energy conversion efficiency (Eg) of
8.67%, higher than that of Pt CE (7.69%), indicating that the PtO-MWCNTs nanocomposite was a promising

electrocatalyst for DSCs.
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PtO decorated multi-walled carbon nanotubes (MWCNTSs)
were prepared by a polymer ligands assisted strategy and
applied as the counter electrode (CE) in dye-sensitized solar
cells (DSCs) for the first time. Compared with the energy
conversion efficiency (Eg) of Pt CE based DSCs, the DSCs
with PtO-MWCNTs CE showed an overall Ei; of 8.67%,
giving an improvement of 12.7%. Better electrocatalytic
activity towards I;7/I redox pairs than Pt CE indicated that
the PtO-MWCNTSs was a promising electrocatalyst for DSCs.

The dye-sensitized solar cells (DSCs) were firstly reported
by O’Regan and Gritzel in 1991 and have become the focus
of attention for its low consumption, easy fabrication and
powerful harvesting efficiency.! As one of the most important
components in the DSCs, counter electrode (CE) collects the
electron from the external circuit, and catalyzes the reduction
of triiodide ions.” It is well-known that platinum is a superior
CE material due to its excellent catalytic activity for Iy
reduction and high electrical conductivity. However, the high
price and low reserve of Pt severely restrict the large-scale
application of the DSCs.> Therefore, many efforts have been
devoted to exploring low-cost and high performance materials
as replacements for Pt, such as different forms of carbon
materials®, conducting polymers®, metal sulphides®, metal
carbides’, metal nitrides®, metal phosphides’ and metal
oxides'®. Among these developed substitutes, Pt decorated
multi-walled carbon nanotubes (MWCNTs) are
researched and demonstrate better electrocatalytic activity for
I;/T" redox reaction than that of Pt.!! Recently, the PtO was
reported to be an excellent catalyst for photocatalytic
hydrogen evolution.'? To the best of our knowledge, there is
no report about the PtO decorated MWCNTs as CE in DSCs.

Here, we utilize a trithiol-terminated poly(methacrylic acid)
synthesize PtO-MWCNTs nanocomposite, and apply it as CE
materials in DSCs. The chemical state of Pt species on the
surface of MWCNTs was confirmed to be Pt*" by extended X-
ray absorption fine (EXAFS) and X-ray
photoelectron spectroscopy (XPS) measurements. Moreover,
the PtO-MWCNTs CE based solar cells yield an energy
conversion efficiency of 8.67%, giving an improvement of
12.7% than that of Pt CE. Better electrocatalytic activity of
PtO-MWCNTs indicates that the PtO-MWCNTs

well

structure

nanocomposite is a promising catalyst in DSCs.
The overall morphology of PtO-MWCNTs nanocomposites

so was analyzed using the transmission electron microscopy
(TEM). As shown in Fig. 1A, the PtO nanoparticles are
dispersed homogeneously on the surface of MWCNTs with
ultra-small particle size. The size distribution image in Fig.1D
confirms that PtO nanoparticles with mainly a size range of
55 0.8-1.0 nm are dispersedly loaded on the surface of the
MWCNTs. The elemental analysis of the PtO-MWCNTSs
nanocomposites, employing energy dispersive spectroscopy
(EDS) (Fig. 1C), reveals that elements of Pt, O and C
coexisted in the sample, which demonstrates that the
6 composite prepared by our strategy is composed of oxidized
Pt and MWCNTs. Fig. 1B shows the enlarged HR-TEM image
of the PtO loaded on the MWCNTs surface. The lattice
distance in the enlarged view was measured to be 0.218 nm,
corresponding to the {110} surface of PtO. The scanning
os electron microscopy (SEM) images of prepared PtO-
MWCNTs CE and Pt CE on FTO are shown in Fig. S3.
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Fig. 1 (A) HR-TEM image of PtO-MWCNTs nanocomposites, (B) the
enlarged view of the HR-TEM image of the PtO loaded on the MWCNTs
(C) EDS the PtO-MWCNTs
nanocomposites, (D) size distribution of PtO nanoparticles loaded on the

85 surface, spectrum  of synthesized

MWCNTSs (based on a count of 197 nanocrystallites).

In order to further examine the chemical state of Pt species
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on the surface of MWCNTs, the PtO-MWCNTSs
nanocomposites were then studied by EXAFS and XPS
measurements. Fig. 2A shows that only one apparent peak at
1.0-2.0 A is displayed in Fourier-transformed spectrum of
EXAFS for the PtO-MWCNTs. To identify the nature of the
backscatter, EXAFS spectra of Pt and PtO, samples were
measured as reference. The peak at 1.0-2.0 A in PtO, is due to
scattering from the nearest oxygen atoms, whereas the peak at
2.0-3.3 A in Pt foil is related to scattering from the
10 neighbouring Pt. Thus, the only peak at 1.0-2.0 A in PtO-
MWCNTs is believed to be the contribution from Pt-O
binding. Fig. 2B shows the normalized X-ray absorption near-
edge structure spectrum of PtO-MWCNTs, and the reference
spectra of Pt foil and PtO,. The intensities in the spectra
15 reflect the oxidation state of Pt in different samples. Thus, the
intensity of the PtO-MWCNTs, which is between that of Pt
and PtO,, further suggests that the Pt in the materials exists as
oxidized Pt."* The X-ray photoelectron spectroscopy (XPS;
Fig. S1) was further studied to examine the chemical state of
20 Pt species in obtained materials. The main peaks in PtO-
MWCNTs centre at 72.8 and 76.0 eV, which can be assigned
to Pt*" bonded to oxygen.'*
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Fig. 2 (A) The k’-weighted Fourier transform spectra from EXAFS, x1/3
represents signal magnification, (B) The normalized X-ray absorption near-
edge structure spectra at the Pt Ls-edge of the Pt foil, PtO, and initial PtO-
MWCNTSs.

so Fig. 3 shows the photocurrent-voltage (J-V) curves of the
DSCs with different CEs measured under illumination at 100
mW cm? and the detailed photovoltaic parameters are
summarized in Table 1. As shown in Fig. 3, higher J, (17.93
mA cm %) of PtO-MWCNTs CE based DSCs indicates that
ss PtO-MWCNTs CE demostrates better electrocatalytic activity
for I3 reduction than that of Pt CE.'> Moreover, the V. (763.6
mV) of PtO-MWCNTs CE based DSC is higher than that of Pt

CE (746.2 mV), which means there are more interfacial active
sites in PtO-MWCNTSs CE.'S Compared with the Eg (7.69%)
of Pt CE based solar cells, the DSCs with PtO-MWCNTs CE
show an overall Eg of 8.67%, giving an improvement of
12.7%.
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Fig. 3 J-V characteristics of the DSCs with Pt CE and PtO-MWCNTs
CE measured at 100 mW cm™.

80 Table 1
electrodes, measured at 100 mV cm? illumination.

Photovoltaic parameters of DSCs with different counter

CE JSC VOC FF n RS RCt C
Sample mA cm? mV % % Q Q na
Pt 1695 7462 608 7.69 1142 2.66 242
PtO-
1793 763.6 633 8.67 941 0.78 109.6
MWCNTs
2.4
—=— Pt
2.0 —e— PtO-MWCNTS
o —A— Fit data
—v— Fitdata

7"/ (ohm)
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Fig. 4 EIS curves of the DSCs with Pt CE and PtO-MWCNTs CE,
measured at 100 mW cm™ light intensity.

In order to further investigate the different catalytic activity

100 for triiodide reduction between the PtO-MWCNTSs CEs and Pt
CEs, the electrochemical impedance spectroscopy (EIS)
measurement was employed and the Nyquist plots of the
symmetrical cells were shown in Fig. 4. The values of the
series resistance (R;), the charge-transfer resistance (R.) and
10s constant phase element (CPE) are obtained by fitting the
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spectra with an EIS spectrum analyzer, and summarized in
Table 1. The equivalent circuit used to fit the experimental
EIS data is shown in the inset of Fig. 4. The R, is mainly
composed of the bulk resistance of CEs materials, resistance
of FTO glass substrate and contact resistance, efc. The Ry of
PtO-MWCNTs CEs is 9.41 Q, while this value of Pt CEs is
11.42 Q. A relatively faster electron transfer kinetics and
better electrical conductivity are responsible for the decrease
in R, of the PtO-MWCNTs CEs.'”® The R, is a measure of
the ease of electron exchange between the counter electrode
and the electrolyte and thus varies inversely with the triiodide
reduction activity of the CEs. The lower R of PtO-MWCNTs
leads to a better catalytic activity, explaining the better
performance than that of Pt CEs based cells.'” Moreover, a
much larger capacitance (C) of PtO-MWCNTs CE indicates a
higher surface area than that of Pt CE, which is responsible
for higher Ey and in agreement with previous report.'® In
conclusion, low Ry, low R, and high C result in the high
power-conversion efficiency of DSCs with PtO-MWCNTs CE
and agree well with the photovoltaic experiments.

To further examine the interfacial charge-tranfer properties of
the triiodide/iodide couple in the electrode surface, Tafel
polarization measurement was carried out with dummy cells
fabricated with two identical electrodes (CE//electrolyte//CE).
The Tafel curves in Fig. S2 show that the current density (J) is a
logarithmic function of the voltage (U). In Tafel zone (at middle
overpotential), the anodic and cathodic branches of the PtO-
MWCNTs CE show a larger slope than the conventional Pt CE,
indicating the presence of a large exchange current density on the
electrode surfaces, which means that PtO-MWCNTs CE has a
higher catalytic activity than the Pt CE. Moreover, the current
densities of PtO-MWCNTs CE obtained in all three zones are
higher, which is consistent with the results of photovoltaic and
EIS measurements.'”
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Fig. 5 Cyclic voltammograms of iodide species for PtO-MWCNTs and Pt

electrodes.

The cyclic voltammetry (CV) measurement was further
carried out in a three-electrode system to evaluate the
electrocatalytic properties of the PtO-MWCNTs CE (Fig. 95).
Typical curves with two pairs of oxidation and reduction peaks
(O-1/R-1, O-2/R-2) are obtained for PtO-MWCNTs CE. The left

peak is corresponding to the redox reaction of eqn (1), while the
right one is corresponding to the reaction of eqn (2).
60 I3 +2e=3I (1)
3 +2e =215 2)

As shown in Fig. 5, the CEs based on the PtO-MWCNTs
and Pt show very similar shapes in terms of redox peak
positions. Comparing the current densities of two CEs, PtO-

s MWCNTSs nanocomposites exhibit higher values than that of

Pt, suggesting a higher intrinsic catalytic activity for redox

reaction of iodide ions.'® Moreover, the peak-to-peak splitting

(Epp) of PtO-MWCNTSs CE is slightly smaller than that of bare

Pt CE, further conforming that the electrocatalytic activity and

reversibility of I;/I" redox reaction on PtO-MWCNTs CE are

better.®
In summary, we demonstrate a PMAA-PTTM polymer ligands
assisted method to synthesize PtO-MWCNTs nanocomposites.

The chemical state of Pt species in the PtO-MWCNTs

75 nanocomposite is confirmed to be Pt*" by EXAFS and XPS
measurements. Furthermore, PtO-MWCNTs CE exhibits better
photovoltaic performance than the conventional Pt electrode,
which indicates PtO-MWCNTs is a high-efficient CE material for
DSCs.
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