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ARTICLE INFO ABSTRACT
Keywords: The Low utilization and high cost of platinum counter electrode (CE) in the application of dye-
Dye-sensitized solar cells sensitized solar cells has limited its large-scale manufacturing in the industry. Herein, a facile
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pyrolysis combination of Pt and SBA-15 molecular sieve (MS) formed 1.6-1.9 times higher
amount and 2-3 times reduced dimension of Pt distributed within porous structure of SBA-15.
The composite CE with 20 % of SBA-15 exhibited an enhanced power conversion efficiency of
9.31 %, exceeding that of absolute Pt CE (7.57 %). This superior performance owed to the pro-
moted oxidation-reduction rate of I3 /1" pairs at the CE interface and the increased conductivity of
CE materials attributed from well distributed Pt particles. This work has demonstrated the sig-
nificance of utilizing porous molecular sieves for dispersing catalytic sites when designing a novel
type of counter electrode and their application in DSSCs.

1. Introduction

Because of their superior indoor low light performance and facile fabrication than a-Si and organic photovoltaic (OPV) solar cells
[1], dye-sensitized solar cells (DSSCs) have been known as one of the increasingly intriguing solar power system for a variety of indoors
techniques, counting the Internet of Things and fifth-generation wireless communication [2-5]. A typical DSSC is comprised of a
semi-conductive metal oxide photoanode (PA), a light collection ssensitizer, an electrolytic redox pair and a catalytic counter electrode
(CE). The working principle of DSSC is as follows. Solar energy irradiation causes an electron to be stimulated from the ground state to
the excited state of the dye molecule, and then the electron injects into the conduction band of PA. The external load conducts the
electron from the PA to the CE electrode, where it participates in the process of regenerating electrolyte components. Finally, the
oxidized dye obtains an electron from the electrolyte, completing the cycle. Platinum is well-known for being one of the best CE
materials due to its high conductivity and catalytic capability, which can efficiently collect electrons from the external circuit to the
cell and catalyze the reduction-oxidation process between the electrolyte components [6]. However, absolute Pt as of precious metal is
unsuitable for low-cost and large-scale DSSC production in long term. Thus, it has been well-concerned research direction to develop
CE materials consisted with less or absence of Pt for achieving an equivalent DSSC performance. Alternative CEs such as conductive
polymers [7] or various of oxides [8,9], sulfides [10,11], nitrides [12] and metal alloys [13] have been explored and some of them
performed remarkable properties as CEs especially in the presence of Co- and Cu-based redox couples rather than iodine electrolyte.
While the mentioned polymers and inorganic compounds usually required complex synthetic process as well as sophisticated
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deposition method on FTO substrate. Another optional CE based on carbon material owns advantages of low-cost, extensive resource
and high conductivity [14,15]. Nevertheless, carbon materials do not possess the same catalytic properties as Pt, and their adhesion to
fluorine-doped tin oxide (FTO) substrates is weak. This results in elevated series resistance, and ultimately reduces power conversion
efficiency (PCE), making it challenging to produce large area modules.

The structural defects of carbon-based materials play an important role in regulating their catalytic activity in terms of changing the
electron distribution of carbon materials, which is highly depended on the developed pores, large surface area, and unique advantages
of large micro-mesoporous volume [16-19]. Porous structure also helps to disperse expensive catalytic precious metals for increasing
the surface volume ratio of the catalytic metals and thus make the best of the metal within catalytic process. Hence, dual effects of
catalysis are realizable by means of compositing porous materials with metal catalyst. As mesoporous aluminosilicates, molecular
sieves (MS) have hydrothermal/thermal and mechanical stability, a large surface area, a high pore volume, and an open pore structure,
and therefore are widely used in drug delivery, sensor, absorbent, separation, and catalysis [20-22]. To the best of one’s knowledge,
molecular sieves have not ever been introduced as catalyst support of CEs in DSSCs. In this study, a molecular sieve SBA-15 with a
greater porosity than carbon was coupled with Pt using a simple pyrolysis method to produce more efficient CEs for DSSCs. The
morphology of the CEs was characterized using XRD and SEM, while the transmissivity was examined using UV-vis spectroscopy.
Electrocatalytic, Tafel, and electrochemical impedance spectra measurements were conducted, and the photovoltaic performance of
the assembled cells was systematically investigated. In the presence of SBA-15 with a large specific surface area, fine and larger loading
of Pt particles realized on FTO substrate by the pyrolytic reaction. The application of SBA-15 with Pt yielded successful catalytic
properties, revealing remarkable DSSC efficiencies through the synergistic effect of the two materials. Pt combined with 20 % of
SBA-15 produced a solar cell with a PCE of 9.31 %, which is 23 % higher than that of a platinum-based DSSC under the same con-
ditions. The application of SBA-15 composite is not only a cost-effective solution for reducing Pt consume, but also can improve the
utilization of CE materials.

2. Experimental sections
2.1. Materials, instruments and methods

The reagents and solvents used in this work were commercially viable from Sigma-Aldrich, Aladdin Scientific Corp and Macklin
Incorporated. The molecular sieve SBA-15 was viable from Nanjing XFNANO Materials Tech Co., Ltd. Transmittance study of the
composite films was performed via Perkin—Elmer Lambda 35 UV-visible spectrometer in order to compare the content of Pt particles in
the composite films. X-ray diffraction (XRD) characterization is completed for purpose of analyzing their phase identification, sample
purity and crystallite size. The phase identification was performed using X-ray diffraction (XRD, Cu Ka radiation, Philips PW1830). The
20 scans were taken between 20° and 80° with steps of 0.05°, with 2 s counting time per angular value. Scanning electron microscopy
(SEM) method was performed to further verify the nanocrystalline morphology and the variation of Pt grain size in the composite
materials, using a field-emission scanning electron microscope (SEM, Hitachi SU-8010). Electrocatalytic properties were tested by a
Zannium electrochemical workstation (Zahner, Germany) in a three-electrode system with a Pt wire and saturated calomel electrodes
(SCE) as the counter electrode and the reference electrodes under an argon atmosphere. The electrolyte used in CV system is composed
of I3/I" redox system prepared with 1 mM iodine, 10 mM lithium iodide, and 100 mM lithium perchlorate in acetonitrile solution.

2.2. Preparation of composite counter electrode

General procedure for preparing Pt/SBA15 composite counter electrodes: Glass substrates coated with fluorine-doped tin oxide
(FTO) were rinsed in an ultrasonic bath with detergent solution, distilled H,O, and EtOH, then cleaned with HoO and EtOH and dried
with nitrogen flow subsequently. Different proportions (0 %, 10 %, 20 % and 30 %) of SBA15 molecular sieves with the same quantity
(212 mg) of chloroplatinic acid hexahydrate (HoPtClg-6H20) were adequately mixed and sonicated in iso-propyl alcohol solvent,
labeled as Pt, Pt/SBA1, Pt/SBA2 and Pt/SBA3, respectively. The prepared mixture was deposited over FTO glass via drop-cast method,
followed by 400 °C temperature sintering in a muffle furnace for 30 min.

2.3. Fabrication of DSSC

Nanocrystalline film consisted with TiO5 paste of 20 nm nanoparticles was fabricated on FTO substrates via screen-printing
technique. The PA was gradually sinter to 500 °C and hold for 15 min within a box furnace, followed by natural cooling. The pre-
pared TiO, electrode was further treated with a TiCl4 aqueous solution of 40 mM at 70 °C for 30 min, then rinsed in order of H;O and
EtOH, and sintered under 450 °C for 30 min followed by natural cooling. Prior to a sensitization with N719 dye solution of 0.3 mM for
24 h, the photoanode was initiated at 80 °C for 30 min. A sandwich structure of DSSC was assembled with the sensitized PA, CE as well
as electrolyte solution according to our previous work [23].

Fabrication of symmetric dummy DSSC: In order to test electrochemical impedance spectroscopy and Tafel curve, CE with and
without holes were assembled into a dummy cell through encapsulation and electrolyte injection. The hole was sealed using UV-
curable adhesive and glass slide, subsequently.
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2.4. Photovoltaic characterizations

In order to remove light diffusion on the apparent surface area (ca. 0.36 cm?) of the DSSC, a lightproof mask with aperture area of
0.03 cm? was applied before irradiation of a simulated AM 1.5G sunlight (XES-70S1, SAN-EI Electric, Japan). DSSC photovoltaic
performance was investigated via photocurrent-voltage (J-V) measurement.

3. Results and discussion
3.1. Morphology and micro-structure of the prepared Pt/SBA15 composites

The crystal structures of Pt/SBA-15 composite films were investigated by XRD patterns, as displayed in Fig. 1. All the films showed
the diffraction peaks of FTO layer at 27°, 38°, 52° and 62°. The obvious diffraction peaks observed at 39.6°, 46.4° and 67.7°, were
assigned to the (111), (200) and (220) planes of Pt, respectively. As the amount of SBA-15 increased successively from Pt to Pt/SBA3,
the characteristic Pt peaks slightly shifted towards small angle and the intensity was weakened as well, indicating that the lattice
constant became larger and the grain size of Pt decreased. When X-rays are incident on small crystals, the diffraction lines become
diffuse and broadened, and the smaller the grain size of the crystal, the greater the broadening of the X-ray diffraction bands. The
smaller Pt particles formed within SBA-15 composite CE holding larger specific surface area of contact with the electrolyte components
are able to provide more catalytic active sites, which is desirable for enhancing DSSC performance. Small-angle XRD was applied to
confirm the presence of SBA-15, however, due to the low contents of SBA-15 in the composite, the diffraction peak at 0.7°-0.8°
corresponded to (100) plane of SBA-15 was not detected.

Fig. 2 depicts the shape and microstructure of Pt and composite films on an FTO glass substrate. As in Fig. 2a, Pt particles with
diameters of 20-25 nm were homogeneously distributed on the exterior of the FTO film in the absence of SBA-15. When combined with
SBA-15, the Pt particle generated by pyrolysis process firmly adsorbed both outside and inside the SBA-15 through-hole structure at a
2-3 times smaller size of 8-10 nm (Fig. 2b-d), confirming the XRD results. The undersized Pt particles aid in the formation of many
more catalytic sites for reach high mass activities in catalysis [24].

The transmission curves of the produced Pt/SBA-15 electrodes in the wavelength range of 300-800 nm are shown in Fig. 3. The
pure SBA-15 film had a high transmittance of 95-98 %. As the portion of SBA-15 in the Pt/SBA-15 composites increased, the film
transmittance reduced from 71 % to 57 % and 52 %. The Pt content in the composite films can be roughly estimated [25,26] according
to logarithmic relationship of absorbance and transmittance, and the Bouguer-Lambert-Beer law hereunder [27], where A represents
the absorbance, T is the transmittance, K is the molar absorption coefficient, b is the optical path length and ¢ represents the con-
centration of Pt.

A= —log(T) = Kbc @

The proportion of Pt contained in the films of Pt, Pt/SBA2 and Pt/SBA3 can be estimated as 0.1487: 0.2441: 0.284, respectively,
indicating that the Pt content associated on the electrode has increased by a factor of 1.6 and 1.9, based on the molecular sieves amount
increasement.

3.2. Photovoltaic performance of the DSSC based on the Pt/SBA-15 composite CEs

The J-V characterization curves and photovoltaic performance parameters of DSSC assembled with the Pt/SBA-15 composite CEs
are displayed in Fig. 4 and Table 1 severally. The DSSC based on reference platinum CE exhibited a power conversion efficiency of 7.57
% with a short-circuit current density Jg. of 18.32 mA/cmz, open-circuit voltage V. of 0.63 V and fill factor FF of 65.73. As the SBA-15

amount increased in the composite CEs, the V. shifted slightly whereas the FF value trend towards raising at Pt/SBAL1 firstly and
reduction at Pt/SBA2 and Pt/SBA3 counter electrode. The reason is that the SBA-15 augmentation enhanced the Pt constituent,
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Fig. 1. XRD diffraction patterns of Pt, Pt/SBA-15 composites and SBA-15.
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Fig. 2. SEM image of Pt and Pt/SBA-15 composite CEs, (a) Pt, (b) Pt/SBA1, (c) Pt/SBA2, (d) Pt/SBA3.
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Fig. 3. Transmission curve of Pt, Pt/SBA-15 composites and SBA-15.

resulting in greater conductivity of Pt/SBA1, whereas an excess of molecular sieves presumably caused less conductive Pt/SBA2 and
Pt/SBA3, since the DSSC based on SBA-15 only showed a fill factor of merely 37.47. The Jg of the cells with composite CEs gradually
enhanced from 18.32 to 20.73, 22.77 and 21.54 mA/cm?, respectively. This is probably caused by faster oxidation-reduction kinetics
resulting from extended catalytic activation of smaller and surpassing amount of Pt particles in Pt/SBA-15 composite CEs, which is
further discussed in the following investigation of their electrochemical properties. Three composite CEs raised the PCE by 15-23 % to

8.78,9.31 and 8.52 %, severally. Pt/SBA2 electrode exhibited the highest PCE of 9.31 % with J,. of 22.77 mA/cm?, Vo 0f 0.64 V and FF
of 63.65.

3.3. Electrochemical properties of the Pt/SBA-15 composite CEs

Next, in the interest of illustrating catalytic activity of the composite CEs, cyclic voltammetry, electrochemical impedance spec-
troscopy and Tafel polarization plot were performed successively. Cyclic voltammetry (CV) is of examining the electrocatalytic activity
of CE materials and diffusion of redox ion in the electrolyte by comparing the shape and position of redox current peaks. The test was a
three-electrode system, in which the prepared counter electrode was used as a working electrode, a Pt wire as the auxiliary electrode,
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Table 1

Photovoltaic performance parameters of DSSCs based on the composite CEs.
CE Voe (V) Jsc (mA/cm?) FF (%) PCE (%)
Pt 0.63 + 0.01 18.38 + 0.15 62.44 + 3.29 7.26 + 0.31
Pt/SBA1 0.63 £+ 0.01 20.60 + 0.61 62.48 + 3.68 8.12 + 0.66
Pt/SBA2 0.63 £ 0.01 21.77 £ 0.70 63.21 + 0.52 8.68 + 0.58
Pt/SBA3 0.65 + 0.01 21.27 + 0.52 59.20 + 0.83 8.16 + 0.41
SBA-15 0.60 + 0.01 21.50 + 0.49 38.04 £ 0.72 4.95 + 0.06

and a saturated calomel electrode (SCE) as the reference electrode. The electrolyte is an acetonitrile solution of I3/I" redox pairs
prepared from 1 mM iodine, 10 mM lithium iodide and 100 mM lithium perchlorate.

As shown in Fig. 5, two couples of obvious oxidation-reduction current-density peaks were presented for all the electrodes, indi-
cating their similar catalytic behaviors. The first and second redox peaks are attributed to I3/I” and I/I3 oxidation-reduction peaks,
respectively. The catalytic properties of electrode materials are mainly determined by the potential’s dissimilarity between the anodic
and cathodic redox peaks (AEp, = |Ered — Eox|) and absolute value of the first reduction peak current density (Jreq). The AEy, value
shows an inverse correlation with the oxidation-reduction rate and a smaller AE,;, indicates a faster electrochemical redox kinetics. As
the amount of SBA-15 increased from Pt to Pt/SBA1 and Pt/SBA2, the Pt particles uniformly distributed inside the porous structure of
SBA-15 and the diffusion route formed successfully between electrolyte and electrode, and thus Pt/SBA2 electrode showed the lowest
value of Epp, indicating its faster diffusion magnitude between electrolyte and electrode. The reaction rate of the catalyst for the
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Fig. 5. Cyclic voltammetry curve of Pt, Pt/SBA-15 composites and SBA-15 electrodes.
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reduction of I3 to I is affected by |Jreq|. Remarkably, the |Jreq| value increases in the order of SBA-15 < Pt < Pt/SBA2 < Pt/SBA3 < Pt/
SBA1, suggesting that the introduction of molecular sieves positively enhanced the reduction to the electrode. While owing a reduced |
Jred| value than Pt/SBA3 and Pt/SBA1, Pt/SBA2 has better comprehensive effect of electrocatalytic activity than other CEs due to its
lower Ej,,, as well as R and R value in the following EIS measurement. It has also been reported previously that a counter electrode
with a lower |Jieq| value but better EIS and Tafel properties exhibits improved photovoltaic performance [28,29].

As in Table 2, the Pt/SBA-15 composite CEs have smaller AEp,;, and greater |Jreq| values than those of platinum CE, especially, Pt/
SBA2 showed a AE,,, of 0.76 V, which is 0.14-0.17 V smaller than that of the other composite CEs (0.90 and 0.92 V) and the pristine Pt
counter electrode (0.93 V). Interestingly, both Jreq and AEp, values had a tendency to boost the catalytic property firstly and then
moderate according to the presented ratio of SBA-15 in composite. This is in accordance with the variation trend of the FF and J
values in photovoltaic performance of the corresponded solar cells.

Subsequently, interfacial electrochemical properties of DSSCs were investigated by electrochemical impedance spectroscopy EIS
and Tafel polarization analysis for the symmetric dummy cells with as-prepared CEs. The fitting results of the recorded EIS spectra
obtained with Z-view software were shown in Fig. 6, with the equivalent circuit depicted in the inset. The impedance of dye-sensitized
solar cells (Zpssc) can be expressed as the sum of the impedance of Ohmic series resistance (R,), the impedance of charge transfer
resistance at the counter electrode (R.¢), the impedance of charge transfer resistance at the working electrode (Zy.), and the impedance
of I3 diffusion (Zp) [30,31]. Among them, Rs and R values are frequently discussed since they can be seen more clearly in plots. In the
Nyquist plots, the intersections of the semicircles with X-axis stands for the ohmic series resistance Rg between the substrate and the CE
materials, diameter of the semicircles is directly proportional to the charge transfer resistance Rt between CE and electrolyte interface.
As the differences in these DSSC devices resulted from their CE, the R values have a salient influence on electrochemical properties
and photovoltaic efficiency, the smaller R, values, the superior electrocatalytic activity and faster electron transport of the CE, making
for higher solar cell performance [32-35]. Pt/SBA2 CE shows the smallest R, value of 16.25 Q cm?, indicating its better conductivity
and thus DSSC performance. Moreover, the R of Pt/SBA2 CE is also lower than that of Pt and other composite CE, proving its elevated
electrocatalytic activity for the reduction of I3. The EIS results are consistent with the results obtained from the CV tests, as well as the
ones from Tafel curves in the following experiments.

The performed Tafel polarization plots of as-prepared dummy cells were shown in Fig. 7. The exchange current density (Jy) ex-
presses inherent rates of electron transfer between electrolyte and CE electrode that can be obtained according to equation (2)
hereunder, where R represents the universal gas molar constant, T is the thermodynamic temperature, n is the number of charges
transferred at the interface of electrolyte and CE, and F represents the Faraday constant [36].

RT

Jo=—n
O WFR,

(&)
Jo is inversely related to R in the EIS, and the order of R calculated from the equation as follows: Pt/SBA2 < Pt < Pt/SBA1 < Pt/
SBA3, which coincides with the EIS data.

2neDCN,
Jiim = % 3)

Diffusion-limited current density (Jjim) in the diffusion zone (|V| > 400 mV) of Tafel plots correlates to a diffusion coefficient of the
I3/I" redox species within CE. It can be obtained from equation (3), where e, D, C, Nj and [ represent the charge, diffusion coefficient of
redox pairs, the triiodide concentration of the electrolyte and Avogadro’s constant and diffusion length, respectively [36]. While the
percentage of SBA-15 in the composite is raised from 0 to 20 %, Jjiy, value gradually lifted from 1.68 to 1.72 mA/cm?, however, Pt/
SBA3 with 30 % of SBA-15 presented a diminished Jiim, of 1.56 mA/cm?. It implies that sufficient routes for redox diffusion rely on the
conductivity of the Pt in composite CE rather than the amount of Pt.

4. Conclusion

Taken together, for the first time, we exhibited that high porous SBA-15 produced 2-3 times smaller size and 1.6-1.9 times elevated
quantity of Pt particles through via pyrolysis reaction with HoPtClg-6H20, which is capable of optimizing the catalytic properties of
CEs, leading to the improved photovoltaic performance. The composite CEs presented 16 %, 23 % and 15 % enhancement to the PCE of
DSSC based on N719 from 7.57 % to 8.78 %, 9.31 % and 8.52 %, severally. This research has demonstrated the significance of utilizing
porous molecular sieves for dispersing catalytic sites when designing a novel type of counter electrode and their application in DSSCs.
The catalytic behaviors and DSSC performance of the composite CEs also depend on the MS species, preparation methods and fine
control of the proportion. Further investigation of these conditions in MS composite CEs is in progress.
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Table 2
CV, EIS and Tefel polarization data of DSSCs based on the Pt, Pt/SBA-15 composite and SBA-15 CEs.
CE Jrea (MA/cm?) Epp (V) R, (Q cm?) Rt (Q cm?) Jiim (MA/cm?) Jo (mA/cm?)
Pt -1.25 0.93 17.78 1.17 1.68 0.67
Pt/SBA1 -1.89 0.90 19.27 1.30 1.70 0.66
Pt/SBA2 -1.28 0.76 16.25 0.86 1.72 0.68
Pt/SBA3 -1.56 0.92 24.78 1.34 1.56 0.53
SBA-15 -0.79 0.98 21.84 3.35 0.71 —0.83
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Fig. 6. Electrochemical impedance spectroscopy of Pt, Pt/SBA-15 composites and SBA-15 CEs, as well as the Randles-type equivalent circuit based
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Fig. 7. Tafel polarization diagram of Pt, Pt/SBA-15 composites and SBA-15 CEs.
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