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ARTICLE INFO ABSTRACT

Keywords: Charge transfer dynamic on the surface of a counter electrode (CE) of dye-sensitized solar cells (DSSC) during a
Bimetal photoactivation process relates to the physicochemical properties of the CE. In this paper, we investigated how
Poriferous

the co-metal element in the Pt-based bimetallic fibrous nanocrystals (FNC) CE influences the charge transfer
Charge transfer dynamic of the dye-sensitized solar cell (DSSC) devices. We discovered that the interfacial charge transfer
Carrier diffusion resistance decreases dramatically in bimetallic CEs if compared with the pristine Pt. For example, it decreases
DSSCs more than 5 times in the AuPt FNC and more than 4 times lower in the AgPt and PdPt FNC CEs. This phenomenon
then induced an enhanced carrier diffusion in the device that is reflected by the decrease in the carrier diffusion
resistance and the improvement of the carrier lifetime in the device using bimetallic CEs. The DSSCs using the
champion CEs, that is AuPt, can produce a short circuit current (Jy.), open-circuit voltage (V,.), and fill factor (FF)
as high as 10.63 mAcm 2, 1.00 V, and 0.43, respectively, which correspond to a power conversion efficiency
(PCE) of 4.60%. This PCE is approximately 3.5 times higher if compared with the DSSC using the pristine Pt CE.
The enhancement of the surface physicochemical properties of the CE due to the bimetallization process is
assumed as the key factor for the performance enhancement, the facts that are verified by the X-ray photo-
electron spectroscopy and the electrochemical properties analysis results. The synthesis and the device charac-
terization are discussed in detail.

Counter electrode

the CE that allows a highly dynamic surface redox activity, which is the
existence of facile adsorption and desorption of redox species on the
surface of CE, is crucially required for a high-performance and stable
DSSC device.

1. Introduction

The nature of redox activity on the surface of a CE plays a critical role
in the photovoltaic performance of a DSSC device [1]. The CE that

provides a facile charge transfer, active redox reaction of iodide/-
triiodide, and has a high electron conductivity enables efficient photo-
electrical process in the device. Pt nanostructure has been widely used as
CE in DSSC devices due to its excellent electrocatalytic and chemical
stability properties. However, owing to its d-orbital state band center
narrowly lay below the Fermi energy level (ca. —2.19 eV) [2,3], it
actively and strongly coordinates with a large range of redox species [4].
This causes its surface-active sites to be vulnerable to a surface poisoning
problem, the result of redox species residue contamination. The conse-
quence is its performance in the DSSC will gradually degrade. Therefore,

There has been a great deal of effort conducted by many researchers
to solve such critical issues in the DSSC utilizing the Pt CEs, such as
seeking alternative materials as the CEs, which some of them have been
summarized in the literature [5]. They include the use of carbon nano-
tubes and its doped-systems [6-9], transition metal dichalcogenide
based-CEs that include Co—Cu WSy nanospheres [10], hierarchical
core-shell of Ni-MoSey/CoSey [11], core-shell of N-doped C—CoS/MoS,
nano polyhedrons [12], and NiSe; [13] and CEs from the
reduced-graphene oxide-based system [14-16]. Despite comparable
performance with the Pt CE in the DSSCs application have so far been
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reported, these free-Pt systems CEs still inferior over the Pt-based CEs.
Therefore, to re-concentrate using Pt as the CEs and to upgrade its
performance by reducing the critical drawback in the surface properties
of the Pt CE, particularly via the doping process, should be continuously
demonstrated.

Similar to the case of photoanode photoelectrical properties
enhancement by doping [17-23], the introduction of the co-metal
element into the Pt CEs to form a bimetallic nanostructure has been
witnessed as a versatile approach to tune the surface chemistry, elec-
tronic density, and physicochemical properties of the CEs [24-27]. The
bimetalization process in many cases can overcome the weakness of the
individual host metal system and at the same time strengthen the
existing properties of the host lattice [28] that are achieved via d-orbital
mixing, d-orbital shape modification, and the band center shifting [27,
29]. Thus, highly dynamic redox reactions on the surface and sup-
pressing the active site poisoning can be expected from this process.
Enhanced performance in application, particularly in catalysis and
DSSCs, has been widely reported wusing the bimetallic
nanostructures-based Pt. For example, the catalytic hydrogenation rate
of acetone multiplied for several orders over the AgPt [30,31] and the
AuPt [32] catalysts compared with the Pt nanostructured catalyst. Un-
usual catalytic hydrogenation activity of CO [33], methanol [34],
ethylene glycol [35], and proton exchange reaction [36,37] has also
been reported over the AuPt and the other Pt-based bimetallic nano-
catalysts. In DSSCs, an enhanced performance has also been reported
utilizing the Pt-based bimetallic CE [25,38-41].

The effect of metal doping or alloying in the Pt nanostructured
electrodes on their electrochemical properties in the DSSC application
has been widely presented [40,42]. Nevertheless, the nature of such
doping or alloying in the Pt nanostructure with a unique structure, i.e.
the fibrous morphology, and its effect on their electrochemical behavior
has so far yet to be established. Owing to the quantum effect that has a
strong influence on the properties of the materials at this nanoscale
regime, bimetallization in the fibrous nanostructure may generate un-
usual properties that are beneficial for enhanced performance in appli-
cations. Here we investigated how the co-metal element in the fibrous
Pt-based bimetallic nanostructured CE influences the charge transfer
dynamic in the DSSCs device. In this work, by using three models of
co-metal ions from the d-metal element, that is Au, Pt, and Pd, we
established the fact that the d-orbital mixing process during the bimet-
allization strongly modifies the physico-chemistry of the bimetallic CEs.
Hence, alter its charge transfer dynamic characteristic in DSSCs. We
found that the AuPt, which undergoes an extensive d-orbital mixing as
revealed by the XPS analysis as its large shift in the chemical states of
both Au and Pt, demonstrates much higher enhancement in the charge
transfer dynamic than the PdPt and AgPt systems, which have a less
intense d-band mixing process [43,44]. This process has dramatically
lowered the interfacial charge transfer resistance and induced an active
carrier diffusion in the device. These resulted in the improvement of the
DSSCs performance up to more than four times order higher when using
these bimetallic CEs if compared with those utilizing the pristine Pt CE.
The best performed bimetallic CE was AuPt and followed by AgPt and
PdPt, respectively. As the bimetallization process may also reduce the
quantity of the Pt used in the CEs, which is expensive, the fibrous
Pt-based bimetallic CEs should be the basis for the fabrication of a
low-cost and high-performance DSSCs. The unique interfacial charge
transfer dynamic uplift in the bimetallic CEs may find potential appli-
cation in the growing field of dye-sensitized solar cells.

2. Experimental
2.1. Preparation of the Pt and Pt-based bimetallic fibrous nanocrystals
Platinum-based bimetallic nanocrystal was prepared using our

original method for Pt fibrous nanocrystals (FNC) growth directly on a
substrate surface, that is a modified liquid phase deposition (LPD) [45,
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46]. Briefly, in the typical process, the Pt FNC on a fluorine-doped tin
oxide (FTO) substrate was realized by submerging a pre-cleaned FTO
substrate vertically into a 15 mL growth solution containing 15 mM
potassium hexachloroplatinate (IV) (99.9%, Sigma-Aldrich, USA), 10
mM sodium dodecyl sulfate (98%, Sigma-Aldrich, USA), 5 mM formic
acid (98%, Sigma-Aldrich, USA) [47]. During the growth process, the
solution was kept stirred at 400 rpm on a hotplate with a temperature of
40 °C for 6 h. After that, the substrate was taken out and rinsed with a
copious amount of pure water, and then dried with a flow of nitrogen
gas. The sample was finally annealed in the air in an electrical oven at
100 °C for 10 min. To grow the Pt-based bimetallic nanocrystals (NC), a
0.67 mM precursor solution of the co-metal ions, that is chloroauric acid
trihydrate (99.9%, Sigma-Aldrich, USA), silver nitrate (99.9%,
Sigma-Aldrich, USA) and potassium hexachloropalladate(IV) (99.9%,
Sigma-Aldrich, USA), was added in to the original growth solution for
the formation of AuPt NFC, AgPt NC, and PdPt FNC samples, respec-
tively [30-32,48]. The growth condition and the post-growth treatment
followed the Pt FNC synthetic process. Depending on the size of the
reaction’s container, the growth solution can accommodate up to 6
pieces of FTO substrate of size 1.5 cm x 2 cm.

All chemicals were purchased from Sigma Aldrich and used directly
without any purification process. The solution of the reagents was pre-
pared using deionized water (~18.2 MQ) obtaining from Mili-Q water
purification system.

2.2. Preparation of the Tioz photoanode

To fabricate a DSSC device to evaluate the effect of the CEs in the
photovoltaic process, the TiO5 nanowalls (TNW) photoanode was pre-
pared using our previously reported method, namely via the liquid-
phase deposition method [22,49-51]. The growth of the TNW was
carried out by immersing a pre-cleaned FTO substrate into a solution
that contains 5 mL of 0.5 M ammonium hexafluorotitanate, (NH4)2TiFg,
(99.99%, Sigma-Aldrich, USA) and 2 mL of 0.5 M hexamethylenetetra-
mine (HMT) (99.99%, Sigma-Aldrich, USA). The growth process was
then performed in a water bath at a temperature of 90 °C for 5 h. The
sample was then taken out from the reaction, washed with deionized
water, and dried in a flow of nitrogen gas. Finally, the sample was
annealed in the air in an electrical oven at 450 °C for about 4 h. All
chemicals were purchased from Sigma-Aldrich and used as received.

2.3. Nanostructures characterizations

The morphology of all samples was characterized using FESEM Zeiss
Supra 55VP FESEM model with a resolution of 1.0 nm operated at 30 kV.
The bi-metallization was examined by mean of X-ray diffraction spec-
troscopy (XRD) using a Bruker D8 system with CuKa irradiation (A =
1.541 A) with a scan rate of 20°/min, X-ray photoelectron spectroscopy
(XPS) analysis using Ulvac-PHI XPS Quantera II apparatus with Al Ka
(1486.6 eV) monochromatic scanning X-ray source and energy disper-
sive spectroscopy (EDS). For the case of the XPS analysis results, the
results were fitted with a pair of Gaussians-Lorentzian (GL) function
overlapping (70% and 30% for Gaussian and Lorentzian components,
respectively) with a Shirley-type background. The calculation was
calibrated against the Cls element by setting the neutral Cls binding
energy to 284.8 eV.

2.4. Electrocatalytic properties of the CE

The electrocatalytic activities of the CE were analyzed via a cyclic
voltammetry (CV) method using a three-electrode system with a Gamry
1000 interface apparatus. The CVs were carried out in an electrolyte
containing 50 mM Lil, 10 mM Iy, and 0.5 M LiClO4 in acetonitrile. The
scan rate of 50 mVs~! within a potential window of —0.6 to 1.2 V was
used during the measurement. The Ag/AgCl saturated in 2.0 M KCl was
used as a reference electrode.
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2.5. DSSCs fabrication and characterization

A DSSCs device with a structure of FTO/Photoanode/N719/Elec-
trolyte/CE, where the CE are pristine Pt FNC, AuPt FNC, AgPt NC, and
PdPt FNC, was fabricated to evaluate the role of the CEs in the photo-
voltaic activity of the device. Before the device fabrication, the TiOy
nanowalls (TNWs) photoanode with anatase phase, prepared using our
reported method of liquid-phase deposition [52,53], was immersed into
an ethanolic solution of 0.05 mM N719 dye (Sigma Aldrich, USA) for 15
h at room temperature [21,54-59]. The DSSC device was then fabricated
by clamping together the photoanode and the CEs using a metal clamp.
A parafilm with a thickness of 2 mm and a circle hole of an area of 0.23
cm? was sandwiched between the photoanode and the counter elec-
trode. An iodide-tri-iodide couple electrolyte that was obtained from the
EL-HPE high-performance electrolyte (Dyesol, Australia) was then
injected into the hole. In this study, at least 10 samples were prepared
for each device.

The photocurrent (J-V) response of the DSSC was examined using a
Gamry 1000 potentiostat under the illumination of simulated solar light
(AM 1.5) with an intensity of 100 mWem 2 (Newport LC-100 150 W).
The charge transfer and transport characteristics of the device were
evaluated using electrochemical impedance spectroscopy (EIS). All the
characterization conducted in this study was performed in ambient with
a temperature of approximately 25 °C and humidity of >70%.

3. Results and discussion

The TiO2 nanowalls (TNW) photoanode on the FTO substrate have
been successfully prepared in this study. The morphology and the
structure of the TNW are shown in Fig. 1. The TNW has a morphology of
rectangular (Fig. 1a,b) with edge-length and thickness can be up to 50
pm and 100 nm (Fig. 2c), respectively. They grow vertically or tilted
from the substrate surface with a random orientation. This has caused a
collision amongst the TNW, producing twinning and massive clustering
of TNW. Also, as reveals in Fig. 1b,c, the surface of the TNW contains a
high-density pore structure that might enable efficient dye adsorption.

The morphologies of the CEs grown on the ITO substrate were shown
in Fig. 2. The individual Pt CEs, which is the reference sample in this
study, exhibit shape resembling a cubic morphology but with a hairy

Surfaces and Interfaces 26 (2021) 101311

structure (Fig. 2a). TEM analysis of the structure reveals that the
nanocubes is a fibrous structure that is resulted from a hierarchical
growth of Pt nanofibers, forming fibrous nanocubes (FNC) (Fig. 2b).
Their growth was found to cover the entire substrate surface, enabling
the use of them as CEs in a DSSC. The addition of the co-metal element
into the Pt host lattice has modified the nanostructure morphology due
to the alteration of crystal growth preference, surface segregation, and
the growth kinetics that favor the anisotropic growth, the result of the
chemistry properties discrepancy as well as the lattice mismatch be-
tween the two metals in the bimetallic system [60]. For example, with a
lattice mismatch as high as 3.85% and 4.10% with Au and Ag, respec-
tively, the fibrous nanocrystals of pristine Pt transform into a fibrous
cauliflower (Fig. 2¢,d) and spiky-hierarchical nanofern (Fig. 1e,f) when
the Au or Ag ions arebeing introduced into the Pt lattice, respectively.
Nevertheless, the morphology and the properties of the nanostructures
indicated no visible transformation when the Pd ion is incorporated into
the Pt lattice (Fig. 2g,h), the result of identical chemistry and low lattice
mismatch, which is 0.85%. The transformation of the morphology, as
well as the chemistry of the bimetallic system relative to their individual
properties, are expected to enhance the physico-chemistry [61-64] of
the CEs for a performance uplift in applications. The surface coverage of
the nanostructured bimetallic CEs over the FTO substrate surface is
estimated from the FESEM image to be the same, i.e. about 90%.
However, the pristine Pt CEs were found to have a little bit lower surface
coverage, i.e. ca. 85%. Nevertheless, the thickness of the bimetallic film
on the FTO substrate cannot be obtained at this moment due to a limi-
tation in the access to the machine as well as in the technique for
cross-section analysis. Nonetheless, judging from the top-view image,
we can estimate that the sample of pristine Pt, AuPt, and PdPt CEs
should have a more or less similar thickness, namely approximately 200
nm. Meanwhile, the AgPt exhibits much higher thickness as a result of
the vertical oriented fern-like structure of AgPt bimetallic. The thickness
could be up to 500 nm. Nonetheless, such differences in the CEs thick-
ness are thought to have a limited effect on the charge transfer dynamic
on the surface of the CEs, the main feature that is discussed in the work,
as this process is strongly related to the structure and the surface
chemistry of the CEs.

We then used XRD analysis to confirm the phase crystallinity of the
CEs (Fig. 3). As the figure presents, the bimetallic CEs’s diffraction

Fig. 1. Morphology of the TiO, nanowalls (TNW) photoanode. (a) Low-resolution FESEM image and (b,c) high-resolution images showing the detailed structure of

TNW surface.
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10 nm

Fig. 2. Typical morphology of the CEs nanostructures. (a-b) pristine Pt NC, (c-d) AuPt FNC, (e-f) AgPt NFn, and (g-h) PdPt FNc. Left and right panel are FESEM and
TEM images, respectively.
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Fig. 3. XRD pattern of the bimetallic nanostructures, namely AuPt NFb (a), AgPt NFn (b), and PdPt FNC (c). (d) XRD pattern for the pristine Pt fibrous nanocubes.

spectra follow a standard diffraction profile for face-centered cubic (fcc)
Pt (JCPDS file no: 70-2057) with peaks at 20 around 40.32 and 46.88°
correspond to (111) and (200) Bragg’s plane, respectively. Diffraction
from the FTO substrate is also observed in the XRD spectra. However,
there is a slight displacement in the position of the main peaks of the CEs
if compared with the pristine Pt (Fig. 3d). For example, for the case of
AuPt, its (111) Bragg’s plane diffraction peaks lays in between of (111)
peak of Pt and Au, which is 0.25° blue-shift from Pt and 1.33° red-shifted
from the Au (Fig. 3a). This fact is one of the evidence that the bimet-
allization process is occurred, which is due to the existence of distortion
of the Pt lattice the result of co-metal element substitution [65]. A
similar phenomenon was also witnessed in the case of the AgPt and PdPt
(Fig. 3b and c, respectively). The detailed diffraction peaks position of
the Pt and the bimetallic system are returned in Table 1. The XPS
analysis results (will be discussed later) that show a modification in the
binding energy’s profile of a particular elemental chemical state is
further verification of the existence of bi-metallization in the

Table 1

XRD peaks for the bimetallic nanostructure samples of AuPt NFb, AgPt NFn, and
PdPt FNC with a comparison of the individual peaks of the Pt and the co-metal
element of Au, Ag, and Pd, respectively.

Samples a1 (200) Ta11y/1c200) JCPDS
File no.
20

PtFNC 40.32 46.88 0.72:0.28

AuPt NFb 39.51 45.66 0.78:0.22 70-2057
Pt 39.76 46.23 70-2057
Au 38.18 44.38 65-2868
AgPt NFn 39.56 46.12 0.73:0.27 -
Pt 39.76 46.23 70-2057
Ag 40.31 45.32 87-7019
PdPt FNC 40.44 46.78 0.72:0.28 -
Pt 39.76 46.23 67.45 70-2057
Pd 38.38 45.15 68.40 35-0681

as-prepared CEs samples [60,66].

To further verify the bimetallization process of the samples, we
carried out an XPS analysis, and the chemical state of the samples was
then compared with the chemical state of the pristine element. The re-
sults are shown in Fig. 4. The high-resolution scan at the chemical state
of the individual elements in the bimetallic indicates a shifting in the
binding energy if compared with the one in the pristine samples. For
example, in the case of the AuPt NFBs (Fig. 4a—c), it was discovered that
the metallic state of Pt and Au in the bimetal system both shift towards
the negative side (lower energy), with respect to their pristine element.
That is, the metallic state of Pt in the bimetal (70.79 eV) shifts as high as
0.51 eV if compared with the bulk Pt (71.3 eV). For the case of the Au
metallic state of bimetal, it shifts as high as 0.38 eV if compared with the
bulk Au binding energy, i.e. 83.62 and 84.00 eV for Au metallic state in
the bimetal and the bulk, respectively. A more or less similar tendency
was also observed in the AgPt (Fig. 4d-f) and PdPt (Fig. 4g-i) bimetallic
systems (See Table 2), which reflects the successfulness of bimetalliza-
tion process [67,68]. This fact is further verified by the elemental
analysis result of the prepared samples (Fig. 5). As the figure shows, the
elements in the AuPt, AgPt, and PdPt bimetallic samples are homoge-
neously distributed over the structures, the condition that only occurs in
the bimetallic system. The elemental analysis indicated that the
elemental composition in the AuPt is 63.3% and 36.7% for Pt and Au
atoms, respectively. While for the AgPt, it is 84.1% and 15.9% for the Pt
and Ag, respectively, and for the PdPt, it is 70.2% and 29.8% for the Pt
and Pd, respectively.

DSSCs device was then fabricated to evaluate how the co-metals
affect the electroactivities of the Pt-based bimetallic nanostructure
CEs. Before the device fabrication, the TiO, nanowall photoanode was
loaded with N719 dye. Fig. 6 shows the typical UV-Vis absorption
spectra of the dye-loaded photoanode prepared for the fabrication of
DSSCs using different counter electrodes. As can be seen from the figure,
the typical absorption band of the dye appears at the region between 450
and 600 nm, confirming an efficient loading of dye onto the photoanode
system. As the figure also reveals, the intensity of the absorption char-
acteristic of the dye is more or less similar, indicating the dying method
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Fig. 4. Low and high-resolution scan spectra of AuPt (a to c), AgPt (d to f), and PdPt (g to i) that are fitted with Gaussian-Lorentzian curves.

Table 2

Metallic state binding energy of bulk metal and bimetallic system. Value in the bracket indicates the shifting in the binding energy relative to their bulk metallic state

binding energy.

Bulk metal AuPt AgPt PdPt

(eV) (eV) (eV) (eV)

Pt Au Ag Pd Pt Au Pt Ag Pt Pd

71.30 84.00 368.37 335.00 70.79 (-0.51) 83.62 (—0.38) 71.62 (40.32) 368.10 (-0.27) 71.62 (40.32) 335.43 (+0.43)

can produce a homogenous sample for a valid basis of comparing the
electroactivities of the CEs.

Fig. 7 shows the typical J-V curves of the DSSCs device utilizing the
pristine Pt FNC and the bimetallic nanostructure CEs. The photovoltaic
parameters of the device are summarized in Table 3. As revealed from
Fig. 7 and Table 3, the short circuit current density (Js) increases upon
the introduction of co-metal elements into the pristine Pt host lattice.
The highest J;. recorded were in the DSSC using the AgPt NFn CE, which
is as high as 11.01 + 0.02 mAcm 2 and followed by the devices using the
AuPt and PdPt CEs with Js. as high as 10.63 + 0.02 and 9.52 + 0.02
mAcm 2, respectively. Regarding the open-circuit voltage (V,o), the
devices utilizing the AgPt and PdPt exhibit a small decrement compared
with the ones using the pristine Pt CEs. Nevertheless, the V,. values of
these devices more or less lay in the same narrow range region, that is
from 0.63 to 0.73 V. It is understood that the decreasing of the V. value
in the AgPt and PdPt based devices should be the result of the tradeoff
between the V. and Js., where in most case the increasing of Jg. will
decrease the V,. [69-72]. As their higher J. values, eventually, the
power conversion efficiency of the AgPt- and PdPt-based DSSCs are
higher than the pristine Pt-based DSSC. Despite the V,. exhibits
declining upon using the AgPt and PdPt CEs, it is significantly enhanced
in the AuPt based DSSC devices. The V. as high as 1.00 V was recorded
using the AuPt CEs. Regarding the fill factor, all the devices indicated a
more or less similar value that lay at the range of 0.37 to 0.43. Based on
these results, it can be remarked that the highest PCE is produced by the

AuPt based device with PCE as high as 4.60 + 0.07%, and followed by
the AgPt and PdPt based devices with PCE as high as 2.95 + 0.07% and
2.22 + 0.07%, respectively.

The V. of the device is determined by many factors including, the
charge transfer dynamic, density of state or energetic disorder, donor-
acceptor interface, and energy level alignment, carrier density, etc.
[73]. In general, it mainly describes the nature of photoelectrical dy-
namic in the device, particularly related to the carrier recombination,
which in practice is proportional to the photo-generated current density
and inversely proportional to the saturated current density (minority
carrier at donor and acceptor) of the device. The V,. can have a
maximum value as high as the differences between the HOMO level of
the donor and the LUMO level of the acceptor. In the device with higher
photo-generated current density due to the enhancement of the charge
transfer dynamic at the CEs, such as in the AgPt and PdPt based device,
the saturation current density may also raise proportionally or higher
than the photogenerated current density, lowering the V. value. How-
ever, in this case, the reduction of the V. value is relatively small
compared to the V. of the reference device. In the case of the AuPt
CE-based device, both Jg. and V, are improved if compared to the
reference device. This is attributed to the development of an impressive
electrical field built-up in the device due to enhanced interfacial charge
transfer activities at the CEs, promoting a highly dynamic
photo-generated carrier that can overcome the saturation current den-
sity as well as the carrier recombination. This improves both the
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Electron

Fig. 5. EDX elemental mapping spectra of bimetallic nanostructure samples
namely (a) AuPt NFb (b) AgPt NFn and (c) PdPt FNC.

photo-generated carrier and the V. of the device.

The superiority of the bimetallic-based CEs over the pristine Pt CE
can be explained according to the following facts: Firstly, the enhance-
ment of the charge transfer process in the bimetallic CEs. We have
carried out EIS analysis using a non-symmetric three-electrode system to
verify this process where it can selectively acquire the nature of surface
activity over the working electrode regardless of any kinetic process that
occurred at the bulk of the solution [74] or the characteristic of the mass
transport or potential change over the CE, in which the latter two can be
accurately estimated using symmetric cell configuration as presented in
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Fig. 6. Absorption spectra of dye (N719)-loaded TiO, nanowalls photoanode
for DSSCs device fabrication using Pt (a), AuPt (b), AgPt (c), and PdPt (d)
counter electrodes.
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Fig. 7. J-V curves of DSSCs utilizing CEs of pristine Pt NC (a) and different
bimetallic nanostructure counter electrodes, namely AuPt NFb (b), AgPt NFn
(c), and PdPt FNC (d), under solar light illumination (AM1.5) at 100 mW cm 2

Table 3
Photovoltaic and electrochemical parameters of DSSCs utilizing pristine Pt NC
and bimetallic nanostructure as CEs.

Sample Pt NC AuPt NFb AgPt NFn PdPt FNC
Photovoltaic parameter
Jse (mAcm—?) 4.62 + 10.63 = 11.01 + 9.52 +
0.18 0.02 0.02 0.02
Voe (V) 0.73 + 1.00 + 0.69 + 0.63 +
0.01 0.01 0.01 0.01
Efficiency (%) 1.33 £ 4.60 = 295+ 222 +
0.08 0.07 0.07 0.07
Fill Factor 0.39 + 0.43 + 0.39 + 0.37 +
0.02 0.01 0.01 0.01
Lifetime (ms) 35.84 314.86 122.40 125.44
Electrochemical
parameter
Erea1 (V) 0.21 0.29 0.27 0.25
Jrea1 (mAcm™2) 3.91 8.64 13.03 8.54
Eox1 (V) 0.70 0.83 0.82 0.76
Epp (V) 0.49 0.54 0.55 0.54
Rs (Q) 70 70.5 74 71
R (@) 2.83 0.52 0.59 0.62
Reto (Q) 21.90 13.40 14.10 14.40

an earlier review in this topic [75], so that the role of the co-metal
element in the bimetallic electrode surface activities can be deduced.
The results are shown in Fig. 8a and Table 3. As judged from Fig. 8a, the
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Fig. 8. (a) EIS spectra of the devices (curve a to d are EIS spectra for devices
using Pt, AuPt, AgPt and PdPt CEs, respectively). (b,c) The equivalent circuit
and the typical curve fitting profile of EIS spectra.

interfacial charge transfer resistance (R¢t1), reflected by the semicircle at
the high-frequency region, of the DSSCs decreases when the bimetallic
CEs employed in the device. By fitting the result using an equivalent
circuit as shown in part b of Fig. 8 (with the typical fitted result is shown
in Fig. 8c), it is found that the lowest R.; was obtained from the DSSC
utilizing AuPt (curve b) as CEs with values as low as 0.52 Q and it is
followed by the AgPt (curve c) and PdPt (curve d) with Ry values of
0.59 and 0.62 Q, respectively. Meanwhile, the Ry is as high as 2.83 Q in
the pristine (curve a) CEs based device. This is equivalent to the
enhancement of charge transfer dynamic up to more than 5 times higher
in the bimetallic CEs, particularly in the AuPt CEs. Because the semi-
circle is also influenced by the constant phase element 1 (CPE1), which
is low in value, it is further verified that the CE also enables facile charge
collection and transport as it features a relatively low electrochemical
capacitance of the device system that renders a limited charge accu-
mulation at the CE interface, the possible result of the CE’s quantum
capacitance enhancement [20,76]. The enhancement in the charge
transfer characteristic of the CE also causes an active charge-transfer
dynamic at the TNW-dye/electrolyte interfaces and redox species
diffusion in the electrolyte, as indicated by the low value of Nernst
diffusion impedance (Z,) of the electrolyte [48]. This can be seen by the
small diameter of the semicircle in the middle frequency region of the
spectrum which represents R.i3 and CPE2. Also, the semicircle in the
low-frequency region shows relatively low in diameter and this region
represented the Warburg element in the equivalent circuit. Thus, facile
charge transfers between the interfaces in the devices increase the whole
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performance of the device. From the analysis, it is also recorded that the
sheet resistance (i.e. combination of sheet resistance at photoanode and
CEs system) is comparable with each other with a value of approxi-
mately 70, 70.5, 74 and 71 Q for the pristine Pt, AuPt, AgPt and PdPt
CEs, respectively. As both the substrate of the photoanode and the CEs
are FTO with a sheet resistance of approximately 15 Q/square, it can be
estimated that the sheet resistance of the CEs is from 40, 40.5, 44 and 41
Q for the pristine Pt, AuPt, AgPt and PdPt, respectively. There is indeed
discrepancies in the sheet resistance value of the CEs, but it is relatively
low, i.e. from 0.5 to 5 Q respected to the pristine Pt CE. This certainly
gives a negligible influence to the interfacial charge dynamic on the
surface of the CEs.

These phenomena may be further explained using the cyclic vol-
tammetry (CV) analysis results as presented in Fig. 9. As the figure re-
veals, the CV curve shows the existence of one oxidation peak at 0.77 V
and two reduction peaks at 0.65 V and —0.28 V. The oxidation peak at
0.77 V is associated with the oxidation of I3/I,. Meanwhile, the two
reduction peaks are related to the reduction of I5/I3 and I3/, respec-
tively. In a normal case, the CV of I" /I3 should have two couple of redox
pairs. Therefore, the one oxidation peak, i.e. I-/I3oxidation, which is
normally at 0.4 to 0.5V, is not observed in this work. This could be due
to the effect of the active site blockage by the residual chloride ions
formation on the surface of the CEs that was produced during the syn-
thetic process using the PtClg precursor, which limits the I /I3 oxida-
tion, a phenomenon that is also observed in the recent literature [77]. As
the figure also shows, the redox peak to peak separation (Epp) is higher in
the bimetallic CEs, due to the modification of the work function of the
pristine Pt upon bimetallization [78]. Despite this fact, the enhancement
of the Faradaic current density (Jreq) in the bimetallic CEs verifies the
improvement of charge transfer activities in these CEs systems,
increasing the overall performance of the DSSCs devices. It is true that in
this case the AgPt NFn indeed presents the highest Jyq (see), but, due to
its larger work function mismatch with the redox species, as revealed by
its Epp, value, the Vo of the device using the AgPt CE decreases, lowering
the PCE.

We then performed a Tafel polarization analysis to further confirm
the detailed nature of the charge transfer dynamic over the CEs elec-
trode. The results are shown in Fig. 10. As the figure reveals, the
diffusion activity of redox species (I /I3), which is represented by the
Jiim, and the electrocatalytic activity (represented by the Jy, i.e.
tangential line to the offset potential region on the cathodic polarization
zone with the Tafel zone line) dramatically increase if the bimetallic CEs
are used, enhancing both the charge transfer and transport in the device
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Fig. 9. CV curves of DSSCs utilizing CEs of pristine Pt NC (a) and different
bimetallic nanostructure namely AuPt NFb (b), AgPt NFn (c), and PdPt FNC (d)
in an electrochemical cell containing I /I3 electrolyte at room temperature and
a scan rate of 50 mV s
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Fig. 10. Tafel polarization curves of DSSCs utilizing CEs of pristine Pt NC (a)
and different bimetallic nanostructure namely AuPt NFb (b), AgPt NFn (c), and
PdPt FNC (d).

[79,80]. This is parallel with the EIS result presented in Fig. 8 as the fact
of J, and Jjj, are proportional to the inverse the Rt and the Nernst
diffusion resistance, respectively, confirming the enhanced
charge-transfer dynamic over the bimetallic CEs.

We are aware that the use of an aqueous reference electrode, i.e. Ag/
AgCl (in saturated KCl), in an aprotic nonpolar solvent of acetonitrile
might produce a less accurate description of the electrochemical prop-
erties of the working electrode system due to the existence of an open
circuit potential drift that is related to the liquid-liquid heterojunction
issue [81], particularly if used under a long-period of measurement.
Despite that fact, the potential drift is relatively low of which only
fluctuates around 0.3 V/min [82]. This implies that the electrochemical
behavior of an electrode system obtained via this measurement is
acceptable as the measurement was carried out within a very short-term
period. Besides, owing to the entire measurement were carried out under
a similar condition, the electrochemical performance of the electrodes
studied in this work can be compared with. With a relatively small open
circuit potential drift, the present electrode performance should also be
weighed up with the recently reported results.

While the electrochemical analysis results reveal the nature of
interfacial charge transfer dynamic uplift in the device using the bime-
tallic CEs, the XPS analysis results (Fig. 4) indicate the detailed modi-
fication of the electronic properties of the Pt in the bimetallization
process. The addition of co-metal elements into the Pt lattice system has
disrupted the d-d orbital symmetry and the band center relative to the
Fermi level that is indicated by the shifting in the binding energy from
the pristine Pt, modifying the chemistry of the nanostructure surface
[83]. In addition, the existence of lattice mismatch between the metallic
element induces a change in the crystal growth preferential, producing
an exotic and highly anisotropic nanostructure system that contains
high-density active sites [84]. This feature causes the catalytic process to
become active and rapid which can increase the catalytic reaction over
the surface of the bimetallic samples. This process is predicted to be
more active as the presence of the fibrous structure of the CEs of which
provides a large surface area for the interfacial charge transfer process.

Owing to the existence of the above-mention phenomena, the charge
transfer at the device’s interfaces becomes highly active and facile of
which then promotes a long carrier lifetime, enhanced the quantum
capacitance for rapid carrier transport, and limited recombination at the
interface, the phenomena that are verified by the Bode plot and the dark
current analysis. It also can be seen from Bode plot results that the
maximum frequency of the AuPt NFb samples shifts to the lower fre-
quency region, reflecting the high diffusion rate of electrolyte on the
surface of the CE, which also reflects an improved interface contact
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between the electrolyte and the CE for an active interfacial charge
transfer process. By using the frequency maximum in the Bode plot (part
A of Fig. 11), the carrier lifetime in the AuPt FNC CEs based device was
found to be as long as 132.48 ms. Meanwhile, the lifetime for the AgPt
and PdPt CE-based devices is as long as 314.86 and 125.44, respectively.
These values are more than 7 times to almost 20 times higher than the
carrier lifetime in the pristine Pt CE-based devices (15.9 ms). Such a
process is likely supported by a low photogenerated carrier recombi-
nation properties of the device in the bimetallic CEs system, a phe-
nomenon that is revealed by the high threshold voltage (~1 V) of the
dark current (part B of Fig. 11). It is true that the carrier recombination
process largely occurs in the semiconducting photoanode system.
However, a positive carrier injection (forward charge transfer process)
at the electrolyte/CE interface is required to drive effective carrier
transportation and separation via the build-up of high electrical poten-
tial differences across the device. Thus, the CEs with low charge transfer
resistances are necessary to lower the photogenerated carrier recombi-
nation in the device.

It has been confirmed that the bimetallization has effectively pro-
moted a highly active charge transfer in the device, improving the power
conversion efficiency. This performance’s enhancement was also found
to depend on the co-metal sample used in the Pt-based bimetallic CEs.
For example, we take the case of the AuPt and the AgPt CEs based de-
vices in this study. As mentioned early, the AuPt and the AgPt CEs based
device realized improvements in the charge transfer dynamic up to more
than 5 and 4 times, respectively, higher than the control device.
Meanwhile, their PCE’s enhancements are only 3.5 and 2.2 times from
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Fig. 11. Bode plot (A) and J-V curves in dark conditions (B) from DSSC devices
utilizing CEs of pristine Pt NC (a) and different bimetallic nanostructure namely
AuPt NFb (b), AgPt NFn (c) and PdPt FNC (d).
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the control device for AuPt and AgPt CEs based devices, respectively.
Nonetheless, as normal in the solar cells device, the enhancement in the
interfacial charge transfer dynamic is not always linearly followed by
the PCE of the device due to the PCE depends on the combinative effect
of the nature of the charge transfer as well as the charge separation and
recombination kinetics in the device. While the enhancement of the
interfacial charge transfer dynamic magnifies the photocurrent density
(Jso), the nature of recombination kinetic at the interface affects the V.,
where an active recombination kinetic decreases the V,. and vice versa,
a limited recombination activity increases the V. On this basis, it can be
noted here that: (i) The recombination kinetic in the AuPt CEs based
device is low and at the same time, its interfacial charge transfer dy-
namic is enhanced as its V. as well as Jg considerably intensify if
compared with the control device. (ii) In the meantime, the other
bimetallic CEs based devices might suffer from active interfacial
recombination as their V, is lowered in respect to the control device
despite the existence of enhanced charge transfer dynamic in these DSSC
devices. Nevertheless, we are aware that the fill factor of all the devices
is relatively low and inferior to the recently reported high-performance
DSSCs [85,86]. There have been several factors that influence the fill
factor, particularly the quality of the photoanode and the CEs layers and
the electrolyte thickness or the distance between the photoanode and
the CEs. However, in our present case we thought that the low fill factor
could be due to related to the thickness of the electrolyte in which, due
to a technical restriction of the device fabrication, we used the electro-
lyte thickness as thick as 2 mm. This is much thicker compared with the
optimal case (in the order of tens of micrometers) and is too thick to
maintain a proper ion dynamic as well as mass transport in the elec-
trolyte. Thus, carrier loss due to ion dynamic and mass transport issues is
high, reducing the fill factor. Despite these facts, the role of co-metal in
the electrocatalytic activities of the bimetallic CEs can be deduced.

Nevertheless, there have been multiple factors besides the effect of
the improvement of the electrocatalytic activities of the CEs for the
improvement of the performance, such as the light-scattering effect by
the CEs. However, under the present case of which the thickness of the
electrolytes far exceeds the optical field of the scattered light, the
improvement of Jsc by expanded excitation of active materials by the
scattered light is assumed to be limited and to have a minute impact.
Thus, the improvement of interfacial charge transfer dynamic the result
of special properties of CEs should be the key factor for the performance
improvement.

We also have evaluated the performance of the best device, i.e. AuPt
CEs based-device, during 32 weeks aged under an ambient condition
with a temperature of 25 °C and relative humidity of approximately
80%. During this test, the electrolyte was kept at the same level by
regularly adding up the electrolyte solution into the cells. The result is
shown in Fig. 12. It was found that the power conversion efficiency
showed a drastic decline at the first 4 weeks of aging that exhibit a
decrease of efficiency from 4.6 to ca. 3.4%. However, the power con-
version efficiency shows remarkable stability by retaining the efficiency
at around 3.4% during aging up to 24 weeks. However, the efficiency is
decreasing after that. We thought that a drastic decrease after 24 weeks
of aging could be related to other factors, such as dye stability as the
presence of color change, and device structure deformation during the
filling of electrolytes during the aging process. If stable dye and a proper
design of DSSC construction are obtained, long-time stability can be
realized.

4. Conclusions

The co-metal element function in the Pt-based bimetallic nano-
structures CEs in the charge transfer dynamics of the DSSCs has been
investigated. It was found that the charge transfer resistance of the
DSSCs was significantly reduced when the bimetallic CEs were used in
the device. This is followed by the effective inhibition of photogenerated
carrier recombination in the device, the result of enhanced carrier
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Fig. 12. The stability property of AuPt based device under aging in ambient
condition, i.e. 25 °C and relative humidity of approximately 80%.

32

injection and transportation due to the increasing quantum chemical
potential in the device. Such a process was driven by the existence of
effective redox species diffusion over the CEs surface and the improve-
ment of the electrocatalytic activity of the CEs. We found that the AuPt
FNC CEs are the best-performed CEs that can deliver Js, Vo, and FF
values as high as 10.63 mAcm ™2, 1.00 V, and 0.43, respectively, were
achieved. These give an equivalent PCE value of as high as 4.60%. This
performance was 71% higher than the pristine Pt NC CEs. The present
performance is still marginal when putting in the context of the recent
reports, of which it could be related to the technical issues, including the
device structure and construction, dye-loading, device area, and elec-
trolyte stability issues. However, the present results provide a strategic
understanding of how metal ion of different properties generates unique
physicochemical properties in fibrous bimetallic CE, promoting
enhancement in the charge transfer dynamic. High-performance DSSCs
may be obtained using this CE when the related critical issues are solved.
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