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We report an inexpensive fabrication route of mesoporous
counter electrode, made of chain-like Pt nanoparticles using
tubular halloysite clay template. Pre-coated halloysite tube (HT)
onto a conducting substrate acts as material synthesising platform
for highly interconnected chain-like Pt nanostructure. The Pt-HT
composite counter electrode shows effective electrolyte
interaction, and high catalytic activity towards tri-iodide
reduction. As a result, Pt-HT counter electrode based dye-
sensitised solar cells exhibits high energy conversion efficiency of
9.5% than the flat-type Pt film based counter electrode (8.2%)
using liquid-type electrolyte.

Nanoscale catalyst substance possesses high specific surface
area and surface energy, which lead to high catalytic activity.
Recently, nanostructured catalyst electrodes are of interest in
several industrial applications including energy conversion,
energy storage, biomedical, and water purification systems.l'3
Numerous synthetic routes are proposed to prepare nanoscale
catalyst physically or chemically. However, simple and low-cost
synthetic routes have been ever demanding to reduce the
fabrication cost and to avoid complex experimental procedure
towards large scale industrial deployment. Template-assisted
method is a cutting edge chemical route for synthesising
nanoscale catalyst in large scale.” The soft templates involved
in the material synthesis offer a platform to obtain desired
morphology, selective crystalline facet and mesoporous
structures. To date, a wide range of soft templates including
organic polymer,s'6 carbon nanotube,” metal oxide,8 and cIay9
have been proposed. Among them, naturally available clay
material is easy to handle and low-cost for large scale
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synthesis.

The halloysite clay [Al,Si,O5(OH),:2H,0], a hydrated,
layered aluminosilicate is a natural mineral consisting of
hollow cylinders with multiple layers and submicrometer
dimension.’® The mismatch between the oxygen-sharing
tetrahedral SiO, sheet and its adjacent octahedral AlOg sheet
drives the multi roll wrapping and thus forms tubular shape
halloysite cIay.11 These naturally available halloysite nanoscale
tubes (HT) exhibits unique physical and chemical features of
relatively high specific surface area, high porosity, and high
cation-exchange capacity. Owing to their biocompatible
nature, it has been widely applied in biomedical drug delivery
applications.lz'14 The other interesting features such as high
porosity, large surface area, and strong absorbability make HT
a promising soft template for various applications such as
nanoparticle synthesis,g‘ 1 water treatment,l‘5 oil-spill
recovery,17 and energy storage devices™®. Despite the
advantageous of HT, less attention has been paid in
nanoparticle synthesis because an additional process is
required to separate resultant nanoparticles from their
mixture  with template. However, we can revisit
implementation of HT in nanomaterial synthesis where the
removal of template is not necessary. For instance, pre-coated
HT onto conducting substrate can serve as thick mesoporous
scaffold for supporting spatially distributed nanoparticle
synthesis. Compare to flat type nanoparticle thin film coating,
these spatially distributed nanoparticles could result high
electrode/electrolyte interfaces in electrochemical based
devices. In this view, the HT clay coated Pt nanoparticle coated
electrode could be an appropriate choice for counter electrode
application in dye-sensitised solar cells (DSSCs). It is
anticipated that spatially distributed HT clay framework afford
large pore channel that could act as backbone scaffold for
spatial growth of target Pt catalyst material compare to
conventional flat-type counter electrode. In addition, the
mesopore structured HT backbone scaffold may facilitate the
electrolyte percolation through the entire counter electrode.
The noble metal, Pt has been extensively utilised as a counter

electrode component in (DSSCs).19 The unique features of Pt
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are its high catalytic activity, excellent chemical stability, less
redox potential for tri-iodide reduction and therefore
promotes Pt as a ubiquitous electro catalyst in DSSCs.2 In
general, Pt has been applied in the form of thin film mostly 2-5
nm as is enough to perform the effective trioxide reduction in
liquid electrolyte. The less viscous nature of the liquid
electrolyte eventually results in more feasible interaction with
thin Pt surface. But, in the case of highly viscous solid
electrolyte, filling of narrow pores in nano-structured
photoanode with redox carriers (I'/l5") is often difficult. This
could severely hinder to improve the overall conversion
efficiency of the DSSCs. To enhance the counter
electrode/solid electrolyte interfacial interactions, an
impregnated or mesoporous structured catalysts are
introduced in DSSCs. For instance, Li et. al. demonstrated
vertically grown Pt nano-grass counter electrode. It exhibited
12% high photo conversion efficiency than conventional flat
type Pt film based counter electrode.” Similarly, 1-D
nanostructures (nanofiber, nanoflower, nano-urchin) based Pt
counter electrodes has been demonstrated in DSSCs.?*?*
These reports clearly explored that spatially grown or
elongated Pt nanostructures promote the interfacial contact
with electrolyte. However, complicated synthesis route and
low quantity of yield often challenges their large-scale
synthesis.

Nanochain-like Pt

Halloysite Nanotube

(a)

0.05M
HLP(Cl,

—_—

Spin coating

Thermal treatment 450 °C

oorM | oo i
Hapcr, | Spin couting

(b)

Thermal treatment
450°C

Nanochain-like Pt

Scheme 1. Schematic illustration of different experimental stages in HNT-PT
composite synthesis; (b) DSSC device architecture with HNT-Pt counter

electrode.

Herein, we propose a facile synthesis of chain-like Pt
nanoparticles using HT backbone template. To understand the
Pt nanoparticle growth mechanism, the concentration of the
Pt precursor (H,PtClg) was varied from 0.01 to 0.05 M (See
experimental details in supporting information S1). The
different experimental stages of HT-assisted Pt nanoparticle
synthesis are illustrated in Scheme 1. Pt precursor solution was
first deposited onto the HT layer pre-coated on the fluorinated
tin oxide (FTO) substrate (Scheme 1a). Subsequently this film
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was sintered at 450 °C and ambient atmosphere. During
sintering process, the Pt precursor was reduced into
nanoparticle onto the HT surface.

The detailed electrocatlytic performance of Pt-HT composite
was studied and compared with HT-free Pt film. Also their
counter electrode performance was examined in liquid
electrolyte based dye-sensitised solar cells. The schematic
structure of DSSCs using Pt-HT counter electrode is depicted in
Scheme 1b. It is anticipated that thick (~3 micron),
mesoporous Pt-HT counter electrode might allow more
electrolyte species into the entire electrode geometry, thus
increase electrode/electrolyte interfaces, compared to flat,
HT-free Pt film. In addition, the travelling distance of redox
shuttle (I'/15") between photoanode and counter electrode can
be reduced by the thick Pt-HT counter electrode, which may
supporting the dye-regeneration rate at photoanode.

Figure 1. (a) HRTEM images of Pt-HT (0.03 M) at 50 nm scale and (b) enlarged
image of dotted area noted in Figure 1(a) at 20 nm scale; (c) high resolution
lattice image of Pt chain-like structure recorded from Pt-HT (0.03 M) sample and
(d) corresponding selected area diffraction pattern (SAED) result; (e) elemental
mapping of Pt, Si, O, and Al species from scanned area of Figure 1(e).

The surface morphology of Pt-HT composite for different Pt
precursor concentration was studied by scanning electron
microscopy (Figure S2). From Figure S2 (a)-(c) it is observed
that the density of spatial distribution of Pt nanoparticles
directly depend on the Pt precursor concentration (Figure S2).
At the high concentration of 0.03 M, highly interconnected
chain-like Pt nanoparticles are visible in the Pt-HT sample. This
reveals the influence of the Pt precursor concentration on
morphology of the Pt nanoparticle. To further understand the
growth mechanism of Pt nanoparticle onto the HT surface, we

This journal is © The Royal Society of Chemistry 20xx
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have recorded the high-resolution transmission electron
microscope (HRTEM) images (Figure 1 and Figure S3).

Figure S2 and S3 shows the Pt nanoparticles deposited on
the HT surface. Their size is in the range from ~5 nm to ~50 nm
at the low Pt precursor concentration (0.01 M). Further
increasing the Pt precursor concentration (0.03 M), the size
and the amount of the Pt nanoparticle were increased
significantly, suggesting that they may be spatially
interconnected to form chain-like structure on the HT surface
(Figure 1 (a) and (b)). In close proximity at 5 nm scale (Figure
1c), the lattice fringe of the Pt nanoparticles showed 0.19 nm
in diameter between two lattice channel,zs implying (101)
crystalline plane of Pt. The SAED pattern (Figure 1d) further
endorses the highly crystalline nature of Pt. The elemental
mappings for the chain-like nanoparticles are presented in
Figure 1(e). The observed Pt, Al, Si and O elements advocated
that the chain-like particles would be Pt nanocrystals. From
these observations, we believe that the HT surface acts as a
substrate for Pt seed layer growth, which also facilitate
adjacent Pt particles to fuse into each other and thus the
chain-like structure is stabilized. Further, the Pt precursor
concentration has increased to 0.05 M resultant Pt
nanoparticle are agglomerated (Figure S3 (c)).

Prior to the DSSCs assembly, the electrocatalytic activity of the
as-synthesised Pt-HT composite counter electrode was
evaluated in tri-iodide reduction reaction. The cyclic
voltammogram (CV) results are presented in Figure 2 (a). The
conventional Pt thin film counter electrode coated on a FTO
electrode exhibited two peaks:

The peak at lower potential ~-0.24 V vs Ag/AgCl is attributed to
reduction of tri-iodide.?®

I3 +2e <> 3I (1)

The peak exhibiting at positive potential of ~0.43 V vs Ag/AgCl
is associated with the oxidation reaction.
31, +2e 2215 (2)

A distinguished peak observed in negative potential region
~-0.02 V vs Ag/AgCl of Pt-Ht (0.03 M) electrode reveals that
less operating potential is adequate to drive the trioxide
reduction (Eqn. 1), compared to the conventional Pt film. In
the case of Pt-HT (0.01 M) electrode, the reduction potential is
slightly increased to -0.1 V vs Ag/AgCl. As discussed in the TEM
results the Pt-HT (0.01 M) film encompasses the less quantity
of the Pt nanoparticle loading as well as randomly coated
inhomogeneous Pt nanoparticles onto the HT surface. This
could result in relatively less electron conductivity and thus
exhibited poorer electrocatalytic activity, compared to the Pt-
HT (0.03 M) electrode. On the other hand, the Pt-HT (0.05 M)
electrode with the highest Pt concentration also resulted in
poorer electrocatalytic activity, presumably due to the
aggregation of Pt nanoparticles and thus the reduced active
surface area for catalytic reaction. In general, the catalytic
activity of the counter electrode can be qualitatively evaluated
from two parameters from C-V plots a) “peak separation” (AE,)
and (b) “cathodic peak current density” (/») observed at more

This journal is © The Royal Society of Chemistry 20xx

negative potential. The AE, value is related with the kinetic
redox capability of the cathode for I'/15". Therefore, the smaller
AE, infers the better electrocatalytic ability of a counter
electrode. From Figure 2a, the estimated AE, value of the Pt-
HT (0.03 M) electrode is ~0.303 V, which is twofold lesser than
that of the conventional Pt film (AE,~ 0.70 V). These results
imply the advantage of Pt-HT composite as an electro-catalytic
counter electrode in DSSCs.
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. (ii)Pt-HT (0.03 M)
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£ 0.1
é 4
z 0.0
‘%
S .01
= |
-] |
o .02 |
= / |
- b Y/ |
O .03 ,F ............ t
] 1EP pthT03M
'0.4-""I""I""I""l""
-0.8 -0.4 0.0 0.4 0.8 1.2
Applied potential vs (Ag/AgCl) (V)
(b) 20

AT

SR BT

AT
L 2w iv Iy

1gul, D
LT,

LR

16

12 -

—e— PT-HT (0.01 M)

Current denisty (mAcm'z)

8 v— PT-HT (0.03 M)
@ PT-HT (0.05M)
—— Pt
4
0 NI A IR O T N AU =
0.0 0.2 0.4 0.6 0.8
Potential (V)

Figure 2. (a) cyclic voltammograms of Pt-HT electrodes by varying the concentration of
the precursor solution and the Pt film coated FTO substrate (Note that the electrolyte
containing methoxypropionitrile solvent with 10 mM Lil, 1 mM I, and 0.1 M LiClO4
measured at a fixed scan rate of 100 mV.s™); (b) J-V plot of dye-sensitized solar cells
fabricated with different counter electrodes (Pt-HTs and Pt.

The photovoltaic performance of the Pt-HT composite counter
electrodes was characterized in dye-sensitized solar cells

J. Name., 2013, 00, 1-3 | 3
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(DSSCs) (Scheme 1b). First, these electrodes were examined
with liquid-type electrolyte as it has less complexity in
understanding the device performance. The J-V measurement
results are presented in Figure 2(b). The photovoltaic
parameters derived from Figure 2(b) are enlisted in Table 1.
Under identical experimental conditions, the Pt-HT (0.03)
counter electrode showed higher photocurrent density of J. =
16.9 mAcm? than the other Pt-HT composite electrodes as
well as the HT-free Pt film. This enhancement can be
attributed to several advantages of the Pt-HT (0.03) counter
electrode such as a) high catalytic activity in tri-iodide
reduction as discussed in Figure 2(a), and b) effective
electrolyte/electrolyte interaction. As a result, the Pt-HT (0.03)
cell performed high photo conversion efficiency (PCE) n=9.5%
with open circuit voltage (V,.) 0.77 V and fill factor (FF) 0.72.
Compared to the HT-free Pt film, the Pt-HT (0.03) composite
showed 115% improvement in PCE. This is mainly ascribed to
the enhancement of FF by modifying the Pt nanoparticle
growth condition and the counter electrode architecture
(Scheme 1b). The reproducibility of these counter electrodes
were tested in three batches and the photovoltaic results were
summarised in Figure S4. It is worth to discuss that how the fill
factor plays a key role in determining PCE of the device.

Table 1. Photovoltaic parameters of DSSCs with different counter electrodes.
(Measured under 100 mW cm™, AM 1.5 G illumination, shadow mask: 0.25 cm™)

Counter Voc Jsc/ FF n (%)
Electrode (V) (mAcm?)

Pt-HT (0.01) 0.759 16.42 0.709 8.8
Pt-HT (0.03) 0.774 16.93 0.728 9.5
Pt-HT (0.05) 0.766 16.75 0.716 9.1
Pt 0.759 16.82 0.643 8.2

In general, the fill factor of DSSCs is governed by the internal
series resistance (R,.) of the device, which associates sheet
resistance of both electrodes substrate (R,,;,), charge transfer
resistance at both electrode/electrolyte interfaces (R.) as well
as diffusion resistance through the electrolyte (Rd,-ff).27‘ 8

Rse = Rsub + Rct + Rdiff (3)

By following Eqn.3, the R, value of counter electrode can
explain the influence of its structure on the fill factor of the
device. The electrochemical impedance spectroscopy is a
unique tool to study the charge transfer characteristics, the
origin of traps, and stability of the electrode while keeping in
the electrolyte unchanged.zg'32 The Nyquist plots for different
counter electrodes (dummy cell configuration) are obtained in
the frequency range of 1 Hz to 1MHz at 0.75 V vs Ag/AgCl with
an AC amplitude of 10 mV under AM 1.5G illumination. The
Nyquist plot is further simulated with the equivalent circuit as
presented in the Figure S5. In the equivalent circuit, R,
indicates the sheet resistance of the charge collector (FTO),
CPE indicates the constant phase element, and R indicates
twice the time of charge transfer resistance. Strikingly, the Pt-
HT (0.03) electrode showed R, ~0.5 Qcm'z, which is six fold
lesser than that of the conventional HT-free Pt film (R, ~3.5
Qcm'z). It is clear that the chain-like Pt nanoparticles on the

4| J. Name., 2012, 00, 1-3
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mesopores HT framework promote the interconnectivity
between the Pt nanoparticles that enhances the electron
conductivity of the electrode and thus, reduced the charge
transfer resistance at electrode/electrolyte interfaces. In
accord to Egn. 1 the extremely less R, value of Pt-HT (0.03M)
seems to be responsible for high fill factor in this device. The
less loading of the Pt nanoparticles for Pt-HT (0.01 M) resulted
in high R, ~8.3 Qcm'z, as expected, which slightly reduce both
Jsc and FF of the device.

(a) 35

® Pt-HT (0.01 M)
30 v Pt-HT (0.03 M)
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25 _ ® Pt
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Figure 3. (a) Nyquist plots of dye-sensitized solar cells with different counter electrodes
[the measurements were carried out under 100 mWem? illumination and AM 1.5; (b)
Tafel plots of different counter electrodes.
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The interfacial charge-transfer properties of I3/l redox
shuttle at different counter electrode were studied through
Tafel plots. The Tafel plots were recorded using the symmetric
cell configuration (electrode/electrolyte/electrode). The
resultant Tafel plots in Figure 3(b) presents that the Pt-HT
(0.03) electrode showed high exchange current density (Jy)
than the conventional HT-free Pt film as well as the other Pt-
HT electrodes. The higher the J,value, the better the catalytic
activity towards I3 reduction. This is in good agreement with
CV and EIS results in Figure 2(a) and Figure 3 (a). Though the
Pt-HT (0.01) showed apparently high charge transfer resistance
and lower exchange current density it results slightly high
photoelectric conversion efficiency than Pt. This discrepancy
may arise from the difference in experiment environment. For
instance, the JV plots were measured using DSSCs device
architecture (Photoanode/electrolyte/Pt). In the case of Tafel
and impedance (Nyquist) plots were obtained from dummy
cell (Pt/electrolyte/Pt).

From the above discussion, it is clear that the Pt-HT
(0.03M) electrode showed multiple advantages such as high
electro catalytic activity, effective electrolyte interaction, less
interfacial charge-transfer resistance at electrode/electrolyte
interfaces than the conventional counter electrode of the HT-
free Pt film. These results encourages to applying this counter
electrode further in solid-state electrolyte. It is anticipated that
mesoporous channels at counter electrode facilitate the
percolation of even highly viscous electrolyte33 and also the
better interfacial contact with even solid state electrolyte.

Conclusions

In summary, we have demonstrated the chain-like Pt
nanoparticles using tubular halloysite clay template. The
method to prepare Pt nanoparticles grown onto a pre-coated
HT clay mesoporous electrode showed a promising route for
enhanced interaction between the electrolyte/counter
electrode with higher electro catalytic activity and less charge
transfer resistance. This Pt-HT composite electrode can be
widely applied as anode/cathode component for energy
conversion and storage devices. In addition, generic synthesis
route of highly interconnected catalytic nanoparticles can also
be utilized in deriving nanoscale metal, metal oxide, metal
sulphide and carbonaceous materials.
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