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Facile charge transfer in fibrous PdPt bimetallic
nanocube counter electrodes
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The nature of the physicochemical processes and the surface reactivity of a counter electrode (CE) are

determined by its surface atomic composition and area. In this paper, we investigated the role of Pd

atom concentration in the electrocatalytic properties of poriferous bimetallic PdPt nanostructured CEs in

dye-sensitized solar cell (DSSC) devices. It was found that the physicochemical properties and surface

reactivity, which are reflected by the charge transfer resistance and electrocatalytic properties, increased

with increasing Pd atom concentration and were optimum at a concentration of 2.5 mM. The DSSC

device fabricated using the optimum bimetallic PdPt nanostructures produced short circuit current (Jsc),

open circuit voltage (Voc) and fill factor (FF) values as high as 9.52 mA cm�2, 0.63 V and 0.37

respectively, which correspond to a power conversion efficiency (PCE) value of up to 2.22%. This is two-

fold higher than the PCE of a device utilizing a pristine Pt CE (1.11%). The performance enhancement is

attributed to the unique surface physicochemical properties of the prepared CE due to the poriferous

structure with its large surface area and bimetallization. The synthesis and device characterization are

discussed in detail.

1. Introduction

The structure, morphology and atomic composition of a counter
electrode (CE) in a dye-sensitized solar cell (DSSC) device
determine the redox activity for iodide/triiodide generation,
charge transfer and electron conductivity in the bulk CE.1–4

There have been continuous attempts to develop high-performance
CEs in order to facilitate the above-mentioned process that range
from graphene-based CEs,5–7 to CEs based on reduced graphene
oxide,8,9 electrospun carbon,10,11 hybrid carbon nanocomposites,12

carbon nanofiber–TiO2 nanoparticle composites,13 AgGeS alloys14

and Ag–AgSnS heterojunctions.15 Nevertheless, CEs with large sur-
face areas and high densities of active sites facilitate dynamic
electrocatalytic processes at the electrolyte/CE interface.5,7,10,16 Thus,
CEs with porous and fibrous morphology may promise the efficient
diffusion of redox species, so accelerating electrocatalytic charge
transfer.13,14,17,18 In many cases, electrocatalytic processes on the CE
are limited by active site poisoning from the redox species
residue, deteriorating the overall redox activity on the surface.

The introduction of foreign ions into a host CE to form a bimetallic
system modifies the surface electronic density of states via d-orbital
mixing and surface strain and reconstruction, so modulating the
catalytic performance of the CE.19–21 This may promote highly
dynamic redox reactions on the surface, suppressing the active site
poisoning.

Bimetallic nanostructures with high porosities and fibrous
morphologies have been prepared via a large range of methods,
including the reduction of metal precursors by oxygen plasma,22

the dry plasma reduction of metal precursors,23 electrochemical
deposition,24 etc. We recently developed a straightforward
approach for the direct growth of a metal or bimetal system
on a solid substrate via a liquid phase deposition (LPD) method.
By simply reducing the metal precursor using formic acid in the
presence of surfactant, fibrous metal or bimetal nanostructures
withmorphologies ranging from spherical to cubic, and hierarchical
structures were successfully produced.25–27

Here we report an enhancement in charge transfer activity in
a DSSC device by utilizing a PdPt fibrous nanocube CE and
a photoanode made from anatase TiO2 nanowalls.28–30 In a
typical process, we found that the charge transfer characteristics
were strongly influenced by the atomic composition of the PdPt,
and we optimized the PdPt concentration ratio at 2.5 : 10 on the
basis of electrochemical impedance spectroscopy (EIS) and
cyclic voltammetry (CV) studies. In the optimum conditions, a
charge transfer resistance (Rct) as low as 0.5 O was obtained.
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This special charge transfer performance promoted an efficient
photovoltaic process in the device, improving photogenerated
current transport and photon-to-current conversion efficiency.
A power conversion efficiency (PCE) as high as 2.22% was
obtained in this study.

2. Experimental
2.1 Preparation of PdPt FNC CEs

PdPt fibrous nanocrystals (FNCs) were prepared using our
recently reported approach, namely LPD.25–27,31 In a typical
process, cleaned fluorine-doped tin oxide (FTO) substrates were
simply immersed in a 15 mL growth solution that contained
15 mM potassium hexachloroplatinate(IV), 10 mM sodium dodecyl
sulfate, 5 mM formic acid and potassium hexachloropalladate(IV).
The concentration of palladium from the precursor of potassium
hexachloropalladate was varied from 0.5 to 3.0 mM. The growth
solution was stirred on a hotplate at 400 rpm at 40 1C for 7 h.
A uniform grey black film was obtained on the substrate surface
every time after completing the growth process. After that, the
samples were taken out and washed with copious amounts of
water and then dried in an electrical oven at 100 1C for 10 min.
All chemicals were purchased from Sigma-Aldrich and used
directly without any further purification, and all solutions were
prepared using deionized water obtained from a Milli-Q water
purification system.

2.2 Preparation of TiO2 nanowall photoanode

The TiO2 nanowall photoanode was prepared using our previously
reportedmethod,28,32–35 namely LPDwithmodifications.36–38 Briefly,
the preparation process was as follows: firstly, a cleaned indium tin
oxide (ITO) substrate was immersed in a solution containing 5mL of
0.5M ammoniumhexafluorotitanate, (NH4)2TiF6, and 2mL of 0.5M
hexamethylenetetramine (HMT). The reaction was then performed
in a water bath for 5 h at 90 1C. The sample was taken out, washed
with deionized water and dried in an electrical oven at 100 1C for
10 minutes. The sample was then annealed at 450 1C for about
4 h. All chemicals were purchased from Sigma-Aldrich and used
as received.

2.2 Characterization

The morphologies of the PdPt FNCs were characterized using
field-emission scanning electron microscopy (FESEM; Zeiss Supra
55VP FESEM model with a resolution of 1.0 nm at 30 kV). The
elemental compositions of the samples were characterized using
energy dispersive spectroscopy (EDS) obtained using an FESEM
apparatus equipped with an energy dispersive X-ray (EDX) analysis
tool. Meanwhile, structural analysis was performed by X-ray
diffraction spectroscopy (XRD) using a Bruker D8 system with
Cu Ka irradiation (l = 1.541 Å) and a scan rate of 201 min�1.

2.3 Electrocatalytic properties

The electrocatalytic activities of the PdPt FNC CEs were studied
via a three-electrode system using a Gamry 1000 interface. CV
experiments were carried out in an electrolyte containing

50 mM LiI, 10 mM I2 and 0.5 M LiClO4 in acetonitrile. A scan rate
of 50 mV s�1 within a potential window of �0.6 to 1.2 V was used.
Ag/AgCl saturated in 2.0 M KCl was used as the reference electrode.

2.4 DSSC fabrication and characterization

A DSSC device with the structure ITO/photoanode/N719/electrolyte/
PdPt was fabricated to evaluate the role of PtPd as the CE in the
device performance. TiO2 nanowalls were prepared using our pre-
viously reported method, and were used as the photoanode. Prior to
the device fabrication, the TiO2 photoanode was immersed in an
ethanolic solution of 0.05 mM N719 dye (Sigma-Aldrich, USA) for
15 h at room temperature. The DSSC device was then fabricated by
assembling the photoanode and PdPt together using metal clamps.
A parafilm with a thickness of 2 mm and a circle hole with an area
of 0.23 cm2 were sandwiched between the photoanode and PdPt
CE. The EL-HPE high performance electrolyte from Dyesol
(Australia) was then injected into the hole.

The photocurrent ( J–V) response of the DSSC was examined
using a Gamry 1000 potentiostat under illumination by simulated
solar light (AM1.5) with an intensity of 100 mW cm�2 (Newport
LC-100 150 W). The charge transfer characteristics of the device
were evaluated using EIS. The incident photon-to-current conver-
sion efficiency (IPCE) was examined using the PVE 300 photo-
voltaic EQE and IQE solution system (Bentham, UK) using a 75 W
Xenon light and a 100 W Quartz halogen light as the light sources.
The IPCE tests were done in the wavelength range of 300–800 nm.

3. Results and discussion
3.1 PdPt morphology properties

We have successfully deposited fibrous PdPt FNCs directly onto
an FTO substrate using the present approach. FESEM analysis
results show that the nanostructures efficiently cover the entire
substrate surface (Fig. 1A). As can be seen from Fig. 1A–E, the
nanostructures mainly display the morphologies of cubic and
truncated cubic-like structures. Their dimensions range from
approximately 60 to 100 nm and their yield is as high as 70%.
The remaining products are irregular shaped structures with
dimensions that are relatively higher than those of the main
cubic-like structures, extending up to 200 nm. Interestingly, all
of the nanostructured products are actually fibrous structures
as clearly indicated by the existence of hairy entities on the
surface of the products. TEM analysis (Fig. 1F and G) further
verifies the fibrous nature of the PdPt nanocubes which are
constructed of interconnected nanowires with lengths and
diameters of approximately 40 and 10 nm, respectively. The
fibrous nanowires have aligned themselves and formed mixed
structures between perfect cubes (Fig. 1C) and rounder structures
(Fig. 1B) with dimensions of about 60 nm. Such unique fibrous
structures promise high surface areas that offer the potential for
surface activity such as charge transfer and redox reactions.25–27,31,39

They should also enhance surface reactions and accelerate the
catalytic processes at the surface of the sample. Thus, it is
expected that the fibrous PdPt nanocubes will have potential as
a high-performance CE in DSSC devices.
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Fig. 2A shows a typical XRD spectrum for the PdPt nano-
structures on the FTO substrate. As can be seen from Fig. 2,
typical diffraction peaks at 40.11, 46.64, 68.10, 82.08 and 86.601
are observed. These peaks correspond to the (111), (200), (220),
(311) and (222) planes of PdPt.40 These five peaks seem to
match with Pd and Pt diffraction peaks, but, according to the
magnified spectra shown in Fig. 2B, they are slightly shifted
from the individual Bragg planes, implying the effective for-
mation of a bimetallic compound as the Pd ions are introduced
into the Pt host lattices.25–27,41 The table inset in Fig. 2 shows a
comparison between the diffraction peak positions of the PdPt
bimetal and the individual peaks of Pt and Pd. As observed
from the tables, the two main peaks of the (111) and (200)
planes shift to higher angles in the PdPt bimetal by about 0.68
and 0.551 with respect to Pt and by about 2.06 and 1.631 with
respect to Pd. In contrast, the (220) peak for the bimetal lies in
between the individual peaks of Pt and Pd. The different
shifting directions for particular Bragg planes relative to the
diffraction spectrum of the Pt host upon bimetallization with
Pd indicate the co-presence of stress and strain in the lattices.
This may lead to a modification of the electron cloud distribu-
tion at particular Bragg planes, improving the surface activity of
the bimetal and promoting a superior catalytic property for a
CE in DSSCs.25,42

2.1 Photovoltaic performances

Fig. 3 shows J–V curves of DSSC devices utilizing PdPt CEs
prepared with different concentrations of Pd atoms. As revealed

from Fig. 3A and the summary of DSSC parameters in Table 1,
the short circuit current ( Jsc) under simulated solar light

Fig. 1 (A–E) Typical FESEM images of the optimum PdPt FNCs (Pd
concentration of 2.0 mM). (F–H) Low- and high-resolution TEM images
of PdPt FNCs.

Fig. 2 (A) XRD spectra of PdPt samples with different concentrations of
Pd atoms, namely 0.5 (a), 1.0 (b), 1.5 (c), 2.0 (d), 2.5 (e) and 3.0 mM (f). (B and
C) Magnified spectra for the (111) and (200) Bragg planes, respectively. The
inset table in (A) shows the peak positions of the main Bragg planes of PdPt
and their comparison to the peaks for the individual Pt and Pd.

Fig. 3 J–V curves of DSSCs utilizing PdPt FNC CEs with different con-
centrations of Pd, namely 0.5 (a), 1.0 (b), 1.5 (c), 2.0 (d), 2.5 (e) and 3.0 mM
(f), under solar light illumination (AM1.5) at 100 mW cm�2.
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illumination increases with increasing Pd atom concentration
and is optimum at a concentration of 2.5 mM. In other words,
Jsc changes from 6.57 to 9.52 mA cm�2 when the concentration
of Pd is increased from 0.5 to 2.5 mM. The Jsc value reduces as
the concentration of Pd atoms exceeds the optimum concentration.
As seen in Table 1, the open circuit voltage (Voc) values all fall in a
small range, i.e. 0.63 to 0.70 V. This could be because the devices
have similar characteristics due to their identical TiO2 nanowall
photoanodes. The fill factor (FF), similar to Voc, does not change
as the Pd concentration in the CE is varied. We calculated the
PCE of the devices and it was found that these improved from
1.26% for the CE with the lowest Pd concentration to 2.22% for
the optimum CE.

These phenomena may be explained using the following
reasons. Firstly, electrocatalytic properties are improved upon
bimetallization. As revealed from the CV results in Fig. 4, the CEs
demonstrate excellent electrocatalytic properties by exhibiting a
pair of reduction and oxidation peaks corresponding to the I�/I3

�

redox species (i.e., 0.20 and 0.77 V for the reduction and oxidation
peaks, respectively).24 Even though the oxidation of triiodide (I3

�)
is undetermined in this work, our findings are in good agreement
with those in a previous study reported by another group.24 We
expect that the lack of oxidation of triiodide is due to the fact that
our CE is dominated by the presence of Pt atoms whose work
function is critically un-matched with the triiodide redox
potential. It could also be caused by the existence of residual
chloride ions on the surface of the CEs formed during the
synthetic process which utilizes the PtCl6

� precursor. These
could hamper the oxidation of triiodide species. The enhance-
ment of the electrocatalytic properties of the CEs can also be
observed from the improvement in the current density of
reduction ( Jred) and peak-to-peak separation (Epp) values. As
presented in Fig. 4, the Jred increases with increasing Pd atom
concentration in the CE, while Epp decreases with increasing Pd
atom concentration, confirming the enhancement of the elec-
trocatalytic properties of the CEs upon bimetallization. These
will improve the PCE. It is true that the lowest Pd concentration
also presents a high Jred (see Table 1). However, the Epp of this
CE is also high, showing that the sample features relatively poor
electrocatalytic properties. The improvement of the electrocatalytic
properties of the CE can simply be attributed to the presence of Pd

in the Pt lattices which may offer better surface physicochemical
properties.43

To further verify the electrocatalytic activity of the CE, we
carried out Tafel polarization analysis. The results are shown

Table 1 Photovoltaic and electrochemical parameters of DSSCs utilizing PdPt FNC CEs with different Pd ion concentrations

Pd ions (mM) 0.5 1.0 1.5 2.0 2.5 3.0

Photovoltaic parameter
Jsc (mA cm�2) 6.47 � 0.18 7.57 � 0.42 7.60 � 0.64 8.10 � 0.46 9.52 � 0.23 8.92 � 0.02
Voc (V) 0.62 � 0.00 0.64 � 0.00 0.62 � 0.01 0.70 � 0.00 0.63 � 0.00 0.64 � 0.00
Efficiency (%) 1.26 � 0.08 1.86 � 0.07 1.88 � 0.06 1.96 � 0.06 2.22 � 0.07 2.17 � 0.07
FF 0.31 � 0.00 0.36 � 0.00 0.40 � 0.01 0.37 � 0.00 0.37 � 0.01 0.38 � 0.00
Lifetime (ms) 86.43 91.74 100.27 116.48 125.44 122.40

Electrochemical parameter
Ered1 (V) 0.23 0.21 0.23 0.30 0.25 0.22
Jred1 (mA cm�2) 8.49 3.91 6.12 7.53 8.54 7.64
Eox1 (V) 0.77 0.74 0.74 0.78 0.75 0.76
Epp (V) 0.54 0.53 0.52 0.48 0.49 0.54
Rct1 (O) 6.2 4.8 2.2 1.50 0.5 1.08
Rct2 (O) 19.8 17 16 15 13.4 14

Fig. 4 (A) CV curves of PdPt FNCs samples with different Pd concentrations,
namely 0.5 (a), 1.0 (b), 1.5 (c), 2.0 (d), 2.5 (e) and 3.0mM (f), in an electrochemical
cell containing I�/I3

� electrolyte at room temperature and at a scan rate of
50 mV s�1. (B) Magnified spectra for the potential window of 0.4 to 1.2 V.
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in Fig. 5. As Fig. 5 reveals, the anodic and cathodic currents
increase as the Pd concentration increases in the PdPt CE and
are maximum for the optimum CE (sample c). From the curve,
we can deduce the exchange current density ( Jo) and the limit-
ing current density ( Jlim), which respectively represent the
electrocatalytic activity and the diffusion characteristics of the
redox couple over the CEs. The current density at the intersec-
tion of the tangential line to the offset potential region on the
cathodic polarization zone with the Tafel zone line gives Jo (see
Fig. 5) and the saturated current density is Jlim.

44 It is found that
the optimum sample shows the highest Jo and Jlim values
suggesting its superior electrocatalytic activity for the reduction
of I3

� ions. This phenomenon will certainly drive diffusion of
the active redox couple I�/I3

� in the electrolyte. These results
are consistent with the EIS result shown in Fig. 6 as the Jo and
Jlim values are inversely proportional to the Rct and the Nernst
diffusion resistance.

In addition, there is an enhanced charge transfer process in
the bimetallic CE. As judged from the EIS analysis results
shown in Fig. 6A, which are well-fitted with the equivalent
circuit shown in the inset of Fig. 6A (see the fitted result in
Fig. 6B), the interfacial charge transfer characteristic of the CE
is increased by modifying the concentration of Pd in the CE.
According to the analysis, it is inferred that the optimum CE
(curve e) has the lowest charge transfer resistance (Rct1), which
is represented by the small diameter of the first semicircle in
the high frequency region. Because the semicircle is also
influenced by the constant phase element 1 (CPE1), which is
low in value, it is further verified that the CE enables facile
charge collection and transport as it features a relatively low
capacitance due to limited charge accumulation at the CE
interface. Interestingly, the enhancement in the charge transfer
characteristic of the CE also effectively drives an active charge
transfer dynamic at the TiO2 nanowire (TNW)–dye/electrolyte
interfaces and redox species diffusion in the electrolyte, as
suggested by the significantly low value of Nernst diffusion

impedance (Zw) of the electrolyte. These conclusions are indi-
cated by the relatively low diameter of the semicircle in the
middle frequency region of the spectrum (representing Rct2 and
CPE2) and the semicircle in the low frequency region (corres-
ponding to the Warburg element in the equivalent circuit). The
phenomena are also supported by the CV results, which convey
a large faradaic current and small Epp.

Fig. 5 Tafel polarization plots of the PdPt CEs with different Pd concen-
trations, namely 0.5 (a), 1.0 (b), 1.5 (c), 2.0 (d), 2.5 (e) and 3.0 mM (f).

Fig. 6 (A) EIS and (B) the typical curve fitting profile of the EIS result
following the equivalent circuit given in the inset to A. (C) Bode plots for
DSSC devices utilizing PdPt FNCs as the CE at different Pd concentrations,
namely 0.5 (a), 1.0 (b), 1.5 (c), 2.0 (d), 2.5 (e) and 3.0 mM (f).
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Moreover, the CE has a large surface area due to its fibrous
structure. As mentioned earlier, the PdPt FNCs have a porifer-
ous structure that is constructed from a fiber network. This
provides a large surface area for facile electrolyte diffusion,45

facilitating an active physicochemical process on the surface.
As can be seen from Fig. 7, the optimum sample has the
greatest number of anchoring fibers protruding from the cubic
structure, enhancing the electrocatalytic process. In addition, the
optimum sample has slightly smaller fibers that may produce a
structure with a higher surface energy. This conditionmay accelerate
both the electron transfer kinetics and I3

� reduction reaction.
Thus, owing to the existence of the above-mentioned phe-

nomena, the carrier transfer at the electrolyte/CE interface and
the transport in the device become progressive and facile, and
in turn promote a long carrier lifetime,46 enhanced quantum
capacitance47 and limited recombination at the interface.48 The
initial phenomenon is confirmed by the Bode plot results
(Fig. 6C) and dark current analysis (Fig. 8). As expected,
according to the Bode plot analysis result, the carrier lifetime
of the optimum sample is as high as 125.44 ms, which is
relatively higher than those of the other PdPt samples (see
Table 1). It can also be seen that the optimum sample shows

the maximum frequency shift to the lower frequency region,
reflecting the high diffusion rate of electrolyte on the surface of
the CE, which augments the interfacial charge transfer at the
electrolyte/CE interface. Meanwhile, the limited electron–hole
recombination is verified by the relatively higher threshold
voltage of the J–V curve in the dark (see Fig. 8). As can be seen
from Fig. 8, the optimum sample exhibits a much higher
threshold voltage than the other samples, implying a limited
photogenerated carrier recombination. It is true that the carrier
recombination process largely occurs in the semiconducting
photoanode system. However, a positive carrier injection (for-
ward charge transfer process) at the electrolyte/CE interface is
required to drive effective carrier transportation and separation
via the build-up of high electrical potential difference across
the device. Thus, CEs with low charge transfer resistances are
necessary.44,49–52

It is true that, even though an enhanced carrier dynamic is
observed at the electrolyte/CE interface when utilizing PdPt
FNCs, the overall performance is still relatively low. This could
be directly related to the nature of the carrier dynamic at the
electrolyte/TiO2–dye interface. We carried out an external quantum
efficiency analysis on the optimum device to verify the nature of
carrier extraction to the electrode and the spectral sensitivity of the
DSSC utilizing the PdPt FNC CE. The result is shown in Fig. 9. As
the result reveals, the device actually shows quite a wide spectral
sensitivity, i.e., a wavelength window of 450 to 600 nm, which is
comparable to that of another recently reported DSSC device,53

as well as a maximum IPCE value of 35.5%. This value is well in
accordance with the current density in the J–V curve and the
PCE value of 2.22%. Thus, from this IPCE analysis result and on
the basis of the CE properties obtained in this study, it is clear
that the nature of the carrier dynamic at the electrolyte/TiO2–
dye interface is the most likely factor for the deficiency in the
overall performance. High-performance DSSC devices should

Fig. 7 Typical FESEM images of PdPt FNCs at different Pd atom con-
centrations, namely 0.5 (a), 1.0 (b), 1.5 (c), 2.0 (d), 2.5 (e) and 3.0 mM (f).

Fig. 8 J–V curves in dark conditions from DSSC devices utilizing PdPt
FNCs with different Pd concentrations, namely 0.5 (a), 1.0 (b), 1.5 (c),
2.0 (d), 2.5 (e) and 3.0 mM (f).
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be obtained when the interfacial carrier dynamic in the device is
optimized.

While the analysis results explicitly suggest that the new CE
features an interesting electrocatalytic activity, we analyzed the
stability properties of the CE by evaluating its CV response under
repeated use while aged in an ambient atmosphere for up to
15 days. The results are shown in Fig. 10. As can be seen from the
figure, the CE is relatively stable for repeated use (twice for 5 days)
with an initial decrease in the Jsc value of as little as 10% of the
initial value and then a gradual decrease with further re-use and
aging. Nevertheless, judging from the results, the positions of the
potential reduction (Ered1) and potential oxidation (Eox1) are
relatively unchanged over repeated use (15 days of evaluation),
which indicates the persistence of the electrocatalytic properties
of the CE.

4. Conclusion

The role of the Pd atom concentration in poriferous bimetallic
PdPt FNC CEs in the performance of DSSCs has been investi-
gated. It was found that the performance of DSSCs increases
with increasing Pd atom concentration in the bimetallic
PdPt FNC CE. The optimum concentration was found to be
0.25 mM. At this condition, Jsc, Voc and FF values as high as
9.52 mA cm�2, 0.63 V and 0.37 respectively, were achieved.
These give an equivalent PCE value of as high as 2.22%. This
performance represents a two-fold improvement when compared
to that of the pristine Pt CE (1.11%). The existence of a poriferous
structure provides a large surface area, and the special surface
physicochemical properties due to the bimetallization process
promote facile charge transfer and active electrocatalytic properties.
These are considered to be the key factors in the improvement of
the PCE. The present performance is still marginal when put in the
context of recent reports, due to the device construction and
electrolyte stability issue. However, the present results provide a
strategic alternative for achieving high performance DSSC devices.
High performance DSSCs may be obtained using this CE when the
critical issues are solved.
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