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Abstract. In the present work, a novel heterostructured dye-sensitized solar cell (DSSC) was
fabricated by using simple spin-coating steps. g-C3N4 and Ag modified TiO, microspheres were used
as the photoanode materials. The aim of this study was to modify TiO, microspheres by using g-C3N4
so as to retard the recombination of electron-holes and in turn to improve the photoelectric conversion
efficiency (PCE) of DSSCs. Additionally, Ag nanoparticles were photodeposited as the interlayer
between g-C3N,4 and the surface of TiO, microspheres to increase visible-light absorption via the
surface plasmon resonance, so as to further improve the PCE of DSSCs. The experimental results
showed that the performance of DSSCs was obviously improved after modified by g-CsN4 and Ag.

1. Introduction

A The dye-sensitized solar cells (DSSCs) have been attracting considerable attention due to their
high photoelectric conversion efficiency (PCE) and low cost, and the photoelectric conversion
efficiency of DSSCs are also continuously being improved [1,2]. However, the recombination
between electrons and electrolyte is becoming a big challenge to achieve a higher solar cell
performance [3-5]. Hence, the approach by using suppressing electron recombination is becoming an
effective way to enhance the performance of solar cells. Recently, much interest has been focused on
graphene-doped TiO,, which is used to extend light absorption to the visible-light region and
meanwhile to effectively prevent the migration of electrons from TiO, to the electrolyte [6,7].

g-C3N4 has the special graphite-like electronic band structure and high thermal stability and
chemical stability and compared with graphene, g-C3N,4 can be more easily prepared by the thermal
condensation by using low-cost precursors, thus, it might become a potential material to substitute for
grapheme which is playing a role in the application of dye-sensitized solar cells [8].

In this work, a facile method was developed to fabricate a novel multistage structure DSSC, which
consisted of Ag and TiO,/g-C3N4 mesoporous microspheres. The resultant g-CsN4 thin layer on
TiO;, surface was used to promote the electron transport by retarding the backward recombination of
electrons from TiO, and electrolyte, and to contribute additional electrons transferred from the CB of
0-C3N4 to the CB of TiO,. Additionally, Ag was used as the interlayer between g-C3N,4 and the
surface of TiO, to increase visible-light absorption via the surface plasmon resonance [9] and the
transport of the separated electrons, so as to enhance the performance of DSSCs. This novel
multistage structure would be expected to achieve a higher performance of solar cells.

2. Experimental

Preparation of protonation g-C3N, sheets. g-C3N4 nanosheets were synthesized on the basis of
a procedure reported previously [8,9]. Specifically, 15 g of urea was added into a crucible with a cover,
and then the crucible was placed into a Muffle furnace and heated at 520 °C for 4 h with a temperature
ramping rate of 25 °C/min. The obtained light yellow agglomerate was ground into powder. 1.0 g of
the g-C3N4 powder was treated with HCI (18.5 wt %, 50 mL) for 5 h at room temperature for
protonation. Before being filtered, the suspension was diluted, and then the protonated g-C3N4 was
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washed with deionized water and dried. A well-dispersed aqueous solution of 1 mg/mL was obtained
by ultrasonic dispersion in deionized water for 30 min.

Preparation of g-C3N4/Ag/TiO, composite microspheres. Pure TiO, microspheres (denoted as
CAT-0) were prepared by a sol-gel method using titanium isopropoxide as a precursor according to a
previous report [10]. The as-prepared TiO, microspheres (300 mg) were mixed with 200 mL of
deionized water under ultrasonication for 30 min. Then, 1.0 mL of 5% polyethylene glycol (PEG)
2000 solution was added and the dispersion was stirred for 10 min. For deposition of silver on the
surface of TiO, microspheres, a photodeposition method was applied as follows: 3.5 mL of AgNO3
solution (2.754 mg/mL) was added to the dispersion. Then the suspension was transferred to a
water-cooled reactor (250 mL) and irradiated under a PLS-SXE300 Xe lamp with 100 mW/cm?
illumination intensity for 60 min. The theoretical value of the amount of loaded Ag was 2 wt%. To
wrap g-C3N4 on Ag/TiO, microspheres, a certain amount (9, 15 and 24 mL) of the protonated
g-C3Ny sheet solution (1 mg/mL) was added and the temperature was kept at 70 °C for 60 min. The
resulting suspension was filtered, washed with deionized water three times and dried at 60 °C for 24 h
in a vacuum oven. The theoretical wrapping amount of g-C3N4 was 3, 5 and 8 wt % (denoted as
CAT-3, CAT-5, CAT-8), repectively.

Fabrication of devices. The photoanodes were prepared as follows. TiO, and CAT pastes were
prepared according to a common method [11]. The films were prepared by the spin-coating method.
FTO glass (NSG, 7 Q/sq) was cut into the desired dimensions (1.2 cm X 1.8 cm) and cleaned with
mild detergent, distilled water and subsequently with ethanol and acetone in an ultrasonic bath for 15
min, respectively, and then dried for use as the substrate. Firstly, the TiO, blocking layer was
deposited on the clean substrates by spin-casting at 2500 rpm using 200 mM titanium
diisopropoxidebis (acetylacetonate) solution in ethanol for 30 s and then sintered at 450 °C for 30 min
in air. Subsequently, the TiO, layer with a thickness of about 6~8 um was prepared by coating the
TiO; paste containing P25 nanoparticles on the blocking layer also by using a spin-coating technique
at 3000 rpm for 30 s, and then sintered at 450 °C for 30 min in air. The last step was repeated using the
previous method to obtain alight scattering layer composed of the as-prepared CAT paste, and then
calcined at 500 °C in Ar atmosphere for 30 min. The film thickness was ~15 um. For comparison, an
electrode was also prepared by using pure TiO, and microspheres without g-C3Ny. Finally, after
natural cooling to room temperature, the TiO, films were soaked in the 40 mM TiCl, aqueous
solution at 70 °C for 30 min and then were annealed at 450 °C for 15 min. Dye loading was performed
by immersing the TiO, anode in a 0.3 mM dye N719 ethanol solution for 12 h. After the dye
absorption, the samples were rinsed with ethanol, dried in N, atmosphere and then used as
photoanodes for DSSCs. DSSCs were assembled in a typical sandwich-type cell by placing a
platinum counter electrode on the electrode and the electrolyte was injected. The active area of the
cells was 5x5 mm?.

Characterization. X-ray diffraction (XRD) analysis of TiO, microspheres and composites was
performed using a Philips X’Pert PRO X-ray diffractometer with a Cu Ka radiation (A=1.5418 A).
The Fourier transform infrared spectra (FT-IR) of the samples were recorded using a FT-IR
spectrometer (Shimadzu Corp., Tokyo, Japan). Surface morphologies of CATs were conducted using
a field emission scanning electron microscopy (FESEM, JSM-7500F, Japan, JEOL). Diffuse
reflectance spectrum of the samples were recorded with a UV-vis spectrophotometer (UV-2550,
Shimadzu, Japan). Photovoltaic parameters of the DSSCs under a simulated AM 1.5G illumination
with a light intensity of 100 mW/cm? provided by 150 W Xenon Arc Lamp (XBO 150
W/CROFR,0SRAM, USA) were measured with the aid of a potentiostat (CIMPS-2, Zahner,
Germany).

3. Results and discussion

Phase structures. XRD patterns of g-C3N, powders, TiO, microspheres after hydrothermal
treatment, g-C3N4 modified TiO, microspheres and CAT-5 are shown in Fig.1A. After hydrothermal
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treatment the crystallization of TiO, microspheres could be detected and all the diffraction peaks for
TiO, and CNTs were assigned to the anatase phase of TiO, (JCPDS, no. 21-1272). It can be noted that
no typical diffraction peaks corresponding to g-C3N,4 or Ag could be observed in the XRD pattern of
g-C3Ny4/TiO,, Ag/TiO, and CAT-5 composite microspheres. probably due to very low weight
amount of g-C3N4 or Ag compared with that of crystalline TiO, microspheres.

FT-IR spectra. The FT-IR spectra of the pure TiO, microspheres, g-C3N4, CAT-5 is shown in
Fig.1B. For pure TiO, nanoparticles, a wide absorption band appearing at 500—700 cm™ is attributed
to Ti—O stretching. The peak appearing at 1624 cm™ is attributed to the bending vibration of O—H [9].
The pure g-C3N4 shows the similar results to that described in previous report. As shown in Fig.1B,
the absorption band at 1641 cm™ can be ascribed to the C—N heterocyclic stretching vibration modes,
whereas the four strong peaks at 1254, 1329, 1416 and 1572 cm™ can be assigned to aromatic C—N
stretching vibration modes [8]. Furthermore, it can be evidently shown that all of the main
characteristic peaks of g-C3N4 and TiO, appeared in g-C3N4/TiO, composites. The results show that
a condensation reaction between NH- groups on g-C3N4 and hydroxyl groups on TiO, nanoparticles
was conducted.
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Fig. 1 (A) XRD patterns of (a) g-C3Ng4, (b) pure TiO, microspheres, (c) CAT-5 and (d) the anode film
prepared by using CAT-5; (B) FTIR spectra of (a) g-C3Ny, (b) TiO, (c) CAT-5.
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Fig.”2 (A, B) SEM im.gges of TiO, microsphereé- before hdfother?nl processing; (C) TiO,
microspheres after hydrothermal processing; (D) g-C3N4 modified TiO, microspheres after
hydrothermal processing.
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Morphology characterization. The FE-SEM images show that the as-synthesized TiO,
microspheres before hydrothermal processing are regular and uniform with an average diameter of
about 1.8 um (Fig. 2A,B), which possess very smooth surfaces. After hydrothermal treatment,
shrinkage and comparatively rough surfaces were produced (Fig. 2C). Fig. 2D indicates that TiO,
microspheres have been wrapped by g-C3N4 nanosheets.

UV-vis spectra. Fig. 3 shows the UV-Vis diffuse reflectance spectra of the pure g-C3N4 and CAT
composites microspheres. The absorption edge at 400~450 nm for pure g-C3N4 corresponds to the
intrinsic band gap of g-C3Ny4 (~2.7 eV) [12]. For all the composites samples, the sharp absorption
increase at wavelengths shorter than 380 nm is due to the intrinsic band gap absorption of anatase
TiO,. Particularly, compared to the pure TiO, microspheres sample, the composites (CAT-3, CAT-5,
CAT-8) exhibit a obviously enhanced visible-light absorption in a wavelength range of 400-450 nm,
owing to the lower band gap by loading g-C3Ny, further confirming the successful loading of g-C3N4
on the TiO, microsphere surface.
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Photoelectric performance characteristics. In order to get an optimal structure to achieve a good
photoelectric performance for DSSCs, the investigation of the effect of CATs microspheres on the
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Fig.3 UV-vis diffuse reflectance spectra of g-C3N,4 and the CAT-0, CAT-3, CAT-5, CAT-8
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Fig.4 Comparison of the I-V characteristics of DSSCs made from pure TiO, nanoparticles, CAT-0,
CAT-3, CAT-5 and CAT-8.

PCE of DSSC was conducted. It can be seen from Fig.4 that the DSSCs with g-C3N4 and Ag
modified microspheres exhibited much better performance compared with the DSSC only with pure
TiO, microsphere light scatting layer, and that the PCE of the DSSCs based on the g-C3N4 coated
Ag-TiO, microspheres photoanodes are strongly dependent on the loaded amount of g-C3Ny4. The
results showed that the PCE of the DSSCs with CAT-3, CAT-5, and CAT-8 was 5.45%, 6.43% and
4.85%, respectively. Among them, the DSSC with the CAT-5 light scatting layer exhibited the best
performance, with Jsc =13.35 mA'cm?, Voc =0.736 V, and FF = 0.654, which corresponded to a
notably high PCE of 6.43 %, representing an improvement of about 41 % compared with the DSSC
just using CAT-0 as the light scatting layer (PCE=4.57%). It is known well that in addition to the
electron concentration, the electron diffusion is another important factor that can affect the
performance of solar cell. It is possible that the overloading of g-C3N4 may partially cut off the
effective connection among TiO,, thus interrupting the fast transport of electrons from TiO, to FTO
glass substrates and causing the decrease of Jsc. Due to co-effect of electron concentration and
electron diffusion, the prepared DSSCs show first increase and then decrease performance tendency
with increasing the loaded g-C3N4 amount. The best PCE of 6.43% was obtained for the DSSC based
on CTS-5, which is about 1.6 times that for the DSSC based on pure TiO, nanoparticles (P25).

The mechanism of the performance improvement of DSSCs. Based on our results and the
literatures, a possible charge transfer process for the g-C3N4/Ag/TiO; is proposed and schematically
exhibited in Fig. 5. Here we assume that the thin layer of g-C3N,4 formed on TiO, surface plays an
important role in the improvement of the solar cell performance, which can act as the block layer to
suppress the electron backward recombination with electrolyte [13,14]. The g-C3N4 has more
negative CB position when compared with that of TiO,, thus, the electrons in the CB of TiO, cannot
transfer to g-C3N4. Contrarily, the photoinduced electrons from the CB of g-C3N4 will transfer to the
CB of TiO,. As a result, the g-C3Ny thin layer on TiO, surface can effectively promote the electron
transport by retarding the backward recombination of electrons from TiO, and electrolyte, and also
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contribute additional electrons to increase the electron concentration in the photoanodes. However, it
is noted that a higher amount of g-C3N4 (CAT-8) obviously decreased the electron transport from the
TiO, to FTO substrate. This is because the overloading of g-C3N4 should partially cut off the
effective connection among TiO; [6], which interrupted the fast transport of electrons from TiO; to
FTO glass substrates, resulting in the increase of electron transport resistance and the decrease of Jsc.
Moreover, the nano-Ag depositing on the surface of TiO, microspheres played an important role as an
electron-conduction bridge. The electrons transfer toward TiO, and electron-holes separation in
g-C3N4 would be more efficient because of the formed Schottky barrier at the interface of Ag and
TiO, nanoparticles [9,15]. On the other hand, the surface plasmon resonance of nano-Ag particles can
enhance visible-light absorption, so as to further improve the performance of the DSSC.

Fig. 5 Mechanism Scheme of g-C3N,4 and Ag to increase the performance of DSSCs

4. Conclusion

In summary, g-C3N4 and Ag co-modified photoanodes were fabricated on FTO glass substrates by
using spin-coating method. They were used as key materials in photoanodes of DSSCs and could
significantly improve the performance of the DSSCs. g-C3N,4 can retard the recombination of
electron-holes and in turn to improve the photoelectric conversion efficiency (PCE) of DSSCs.
Consequently, Ag nanoparticles were photodeposited as the interlayer between g-CsN4 and the
surface of TiO, microspheres to increase visible-light absorption via the surface plasmon resonance,
so as to further improve the PCE of DSSCs. A much higher PCE was found for the DSSC both with
g-C3N4 and Ag modification (6.43%) compared to the DSSC based on pure TiO, nanoparticles
(3.98%).
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