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In this study, solid state dye-sensitized solar cells (ss-DSSCs) were fabricated with g-CsN4 and Ag
co-modified TiO, nanoparticles as photoanode materials. Devices with spiro-OMeTAD as hole transport
materials (HTMs) showed a high power conversion efficiency (PCEs) of 6.22%. For the heterostructured
g-C3N4/Ag/TiO, nanocomposites, Ag nanoparticles were deposited as an electron-conduction bridge
between the TiO, surface and the g-CsN4 layer to increase absorption in the visible-light region via
surface plasmon resonance, whilst the interface between Ag/TiO, and g-CsN,4 stimulated the direct

migration of photo-induced electrons from g-C3N4 to Ag/TiO,, which was conducive to suppressing the
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Introduction

Dye-sensitized solar cells (DSSCs) are a promising alternative for
photovoltaic technology and have gained widespread attention
in recent years because of their low cost of manufacture, ease of
fabrication, and tunable optical properties."” DSSCs are based
on light-absorbing dye sensitizer attached to a TiO, layer that
collects photo-generated electrons from the dye molecules. Some
electrochemical DSSCs, through the molecular engineering of
porphyrin sensitizers, can achieve a maximum energy conversion
efficiency of more than 13%.*> However, the liquid electrolytes
can cause potential problems such as the instability of the
DSSCs, particularly when the devices are fabricated with flexible
substrates, resulting in corrosion and the potential electrolyte
leakage from the DSSCs.*® In recent years, researchers have
found alternatives to liquid electrolytes, such as solid-state hole
transport materials (HTMs), and the use of HTMs can overcome
the above-mentioned problems such as electrolyte leakage.”® The
HTM layer plays an important role in regenerating the oxidized
state of the light absorber in solid-state DSSCs (ss-DSSCs), and it
also boosts hole transport to the counter-electrode in the solar
cells, thus making it an essential part for efficient photoelectric
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performance.”* Among numerous HTMs, spiro-OMeTAD
(2,2',7,7'-tetrakis-(N,N-di-p-methoxyphenylamine)-9,9’-spirobi-
fluorene) is one of the most widely used HTMs, and has been
attracting increasing attention.”

The ss-DSSCs made with spiro-OMeTAD have been opti-
mized to achieve an efficiency of 7.7% using spiro-OMeTAD that
has been doped with a cobalt complex."* Nevertheless, to date,
the achieved efficiency for popular ss-DSSCs still remains in
the low range of efficiency."** Some researchers tried to use
thicker TiO, films for ss-DSSCs, which allow higher dye loading
so that high efficiencies can be achieved by improving the light
absorbance. However, in ss-DSSCs, thicker films are by no
means sufficient for attaining a higher efficiency due to the fast
recombination caused by the single-structured TiO, films.'***
This indicates that it is necessary to modify the photo-anode
films to improve the efficiency for ss-DSSCs. Our previous
study indicated that the modification with graphene can
significantly reduce the band-gap of TiO, microspheres and
greatly boost the electron transport within the photoanode.*
Consequently, the conversion efficiency of the devices was
greatly enhanced in DSSCs. Latterly, graphite carbon nitride
(g-C3N,) has also drawn increasing attention in the field of
visible-light photocatalysis and DSSCs."”*° g-C3N, and graphene
have a very similar layered structure, which allows them to
form a thin layer like graphene on the surface of TiO, nano-
particles. Owing to the polymeric nature of g-C;N,, a thin g-C3N,
layer can easily be tuned by simply changing the amount of the

This journal is © The Royal Society of Chemistry 2016
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as-prepared precursor. In addition, g-C;N, possesses a high
chemical and thermal stability, and can be easily prepared by
a simple thermal condensation from low-cost nitrogen rich
raw materials. More importantly, g-C;N, has more negative
CB positions than TiO,,** which may restrict the migration of
photo-generated electrons effectively. However, in terms of
visible-light irradiation, TiO, can only generate electrons, which
results in a slow electron transfer from g-C;N, to TiO, and
a relatively high recombination of electron-hole pairs.>®
Accordingly, apart from the improvement of light absorption
and electron transport, retarding such recombination is another
effective avenue to further improve the performance of the ss-
DSSCs. To overcome the fast recombination of electron-hole
pairs, a considerable amount of research has been conducted on
a hybrid modification of a noble metal and a semiconductor.?>*®
In the case of Ag/TiO, composites, Ag can serve as an electron
sink to facilitate the transfer of interfacial electrons in the
composite. Moreover, the composite can strongly absorb visible
light due to the surface plasmon resonance of Ag.>**

In this study, a ternary composite of g-C;N,/Ag/TiO, nano-
particles was prepared and applied in ss-DSSCs to enhance the
performance. The effect of g-C3N, and Ag on the performance of
cell devices was investigated.

Experimental

Materials

Urea (CO(NH,),, 99.0%), concentrated hydrochloric acid (HCI,
36.0-38.0%), concentrated sulfuric acid (H,SO,, 98.0%) and
polyethylene glycol (PEG, M,, = 2000) were purchased from
Chengdu Kelong Chemical Reagent Co., China. Titanium dii-
sopropoxide bis(acetylacetonate) (75 wt% in isopropanol), ethyl
cellulose (EC) and lithium bis(trifluoromethylsulphonyl)imide
(Li-TFSI, 99%) were purchased from Sigma-Aldrich. Acetonitrile
(99.8%), chlorobenzene (99%) and 4-tert-butylpyridine (TBP,
96%) were purchased from TCI. Silver nitrate (AgNO3, =99.0%)
and Zn powder (99.9%) were obtained from Sinopharm
Chemical Reagent Co. Ltd. All reagents were of analytical grade
and used without further purification.

Preparation of g-C;N, sheets

Graphite-like carbon nitride (g-C3N,) nanosheets were prepared
according to a method reported previously.”® Urea was used as
a precursor for g-C;N,. Specifically, 10.0 g of urea was calcined
at 550 °C for 2 h at a heating rate of 5 °C min~" in a muffle
furnace. The obtained light yellow g-C3;N, agglomerate was
ground into a powder. 1.0 g of the g-C3N, powder was treated
using a post processing with HCI (6 M, 50 mL) for 6 h at room
temperature for protonation.>” Before being filtered, the g-C;N,
suspension solution was diluted in 500 mL of deionized water.
Subsequently, the protonated g-C3;N, was rinsed with deionized
water until neutral pH and dried in air. 50 mg of the as-prepared
protonated g-C;N, powder was dispersed in 50 mL of deionized
water by ultrasonication to obtain a well-dispersed suspension
solution with a 1 mg mL ™" concentration.
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Preparation of the g-C;N,/Ag/TiO, composite

The TiO, nanoparticles (P25, Degussa, 300 mg) were ultrasoni-
cally dispersed in 200 mL of deionized water. Then, 1.0 mL of
a 5% polyethylene glycol (PEG, M,, = 2000) aqueous solution
was added and stirred for another 10 min to form the suspen-
sion solution of TiO, nanoparticles. In order to deposit silver
onto the surface of the TiO, nanoparticles, a photo-deposition
method was used as follows: 3.5 mL of AgNO; solution
(2.754 mg mL~") was added to the suspension solution of TiO,
nanoparticles. Then, the suspension solution was irradiated
under a Xe lamp (PLS-SXE300) at a 100 mW cm ™2 illumination
intensity for 60 min. The theoretical value of Ag-loading amount
was 2 wt%.”®** For comparison, g-C3N,/TiO, composites were
prepared via the same process but without the deposition of
Ag. For further wrapping g-C3;N, on the TiO, and Ag/TiO,
nanoparticles, a certain amount (9, 15 and 24 mL) of the
protonated g-C;N, suspension solution (1 mg mL™') was added
and allowed to react at 70 °C for 60 min. The theoretical
wrapping amount of g-C;N, was 3, 5 and 8 wt%, and the ob-
tained products without silver were denoted as CT-3, CT-5, CT-8,
respectively, whilst those with silver were denoted as CT-n/Ag
(where n is the amount of g-C3N,). The resulting suspension
solution was filtered, rinsed with deionized water three times
and then dried overnight at 60 °C in a vacuum oven.

Fabrication of the ss-DSSCs

Fluorine-doped tin oxide (FTO)-coated conductive glass
substrates (NSG, 8 Q sq~ ') with the desired dimensions (1.2 cm
x 1.2 cm) were patterned by etching with Zn powder and 2 M
HCI aqueous solution. The etched substrates were cleaned with
detergent and subsequently rinsed with ethanol and iso-
propanol in an ultrasonic bath for 15 min, respectively, and
then dried for use. A dense compact layer of TiO, was coated
onto the FTO glass substrates by spin-coating at 2500 rpm for
40 s with a solution of 200 mM titanium diisopropox-
idebis(acetylacetonate) in ethanol, and then sintered at 450 °C
for 30 min in air. Thereafter, nanoporous films made of
different nanoparticles of TiO,/Ag/g-C3N,4, TiO,/g-C3N, and pure
TiO, were deposited on the TiO, compact layer by spin-coating
using self-prepared pastes with the abovementioned composi-
tions.*® The pastes were prepared using the following proce-
dure: 1.6 g of the abovementioned nanoparticles, 0.35 g of EC
(46 cps), 0.45 g of EC (10 cps), 6.5 g of terpineol and 20 mL of
anhydrous ethanol were mixed, and the mixture was ball-milled
for 2 h to obtain a paste. The obtained paste was spun onto the
TiO, compact layer at 3000 rpm for 30 s, and then sintered at
450 °C for 30 min in air. For comparison, pastes with four
different weight ratios of g-C3N, to TiO, were prepared
following the same method. Finally, the obtained TiO,/g-C3N,
films were soaked in a 40 mM TiCl, aqueous solution at 70 °C
for 30 min and then were annealed at 450 °C for 15 min. After
that, the dye was loaded by immersing the TiO, anode in
a 0.3 mM dye N719 ethanol solution overnight. The HTM was
deposited onto the dye-coated TiO, films through spin-coating
a spiro-OMeTAD solution at 4000 rpm for 30 s. The spiro-
OMeTAD solution was prepared by dissolving 72.3 mg of
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spiro-OMeTAD, 28.8 uL of TBP, and 17.5 pL of Li-TFSI solution
(520 mg Li-TFSI in 1 mL acetonitrile) in 1 mL of chloroben-
zene.** Device fabrication process was conducted by depositing
a 120 nm thick Ag film on top of the HTM layer. The 9 mm?>
active area of the devices was determined using a 3 mm x 3 mm
black mask.

Characterization

The phase analysis of the as-prepared samples was carried out
using an X-ray diffractometer (XRD) (Philips X'Pert PRO) under
Cu Ka radiation (k = 1.5418 A) from 15° to 75° of 26. Surface
morphologies and microstructures of the g-C;N,/TiO, and
g-C3N,/Ag/TiO, composites were characterized using field
emission scanning electron microscopy (FESEM, JSM-7500F,
JEOL, Japan) and high-resolution transmission electron
microscopy (HRTEM) at a 200 kV accelerating voltage. The
UV-vis diffuse reflectance spectra of the as-prepared samples
were obtained with a UV-vis spectrophotometer (UV-2550, Shi-
madzu, Japan) and BaSO, was used as a reflectance standard.
The Fourier transform infrared spectra (FT-IR) were obtained
with a FT-IR spectrometer (Shimadzu Corp., Tokyo, Japan).

Electrochemical impedance spectroscopy (EIS) measure-
ments were conducted using a computer-controlled electro-
chemical workstation with impedance analyzer (CIMPS-2,
Zahner, Germany). The measurements were carried out by
applying a 10 mV ac signal over a frequency range of 0.1 Hz to
100 kHz under illumination of AM 1.5G at the applied bias of
open circuit voltage. The photovoltaic parameters of ss-DSSCs
under simulated AM 1.5G illumination with a light intensity
of 100 mW cm ™ provided by a 150 W xenon arc lamp (XBO 150
W/CROFR, OSRAM, USA) were measured with a potentiostat
(CIMPS-2, Zahner, Germany). The active area of ss-DSSCs was
9 mm®. The power conversion efficiency (PCE) was calculated
according to the following equations:

JSC X Voc x FF

PCE (%) = P x 100% (1)
Pmax

FF= ——— 2

Jsc X Voc ( )

where Vo, Jsc, and FF, respectively, indicate open circuit voltage,
short circuit current density, and fill factor; P;, is the energy of
the incident monochromatic light; Py, is the maximum output
power. The incident-photon-to-current conversion efficiency
(IPCE) spectra were obtained with an IPCE measurement system
(PEC-S20, Peccell Technologies Inc., Japan).

Results and discussion
Phase structures and FT-IR analysis

The XRD patterns of the as-prepared samples are shown in
Fig. 1A. It can be seen that pure TiO, and TiO, composites with
different components exhibited similar diffraction patterns.
The diffraction peaks indicated the existence of the mixed
phase of anatase and rutile, which are ascribed to pure TiO,
(P25).* For the g-C3N, sample, the peak appearing at a 26 value
of 27.4° corresponds to the (002) crystal plane, which is ascribed
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to the interlayer stacking of aromatic segments. However, it can
be noted that no characteristic peaks of g-C;N, and Ag were
observed in either g-C;N,/TiO, or g-C3N,/Ag/TiO, composites.
The reason for this might be attributed to the low amount of g-
C;3N, and Ag, as well as a poor crystallization of g-C;N, on the
surface of the TiO, composites. Another reason might be that
the main peak of g-C;N, at a 26 of 27.4° and the peak of Ag at
a 20 of 38.1° might have overlapped with the peak of TiO, at the
same 26 position so that it would have been hard to tell the
difference between them.

Fig. 1B shows the FT-IR spectra of the pure TiO, nano-
particles, g-C3;N, powder, g-C;N,/TiO, composites and g-C;N,/
Ag/TiO, composites. For pure TiO, and composites, the spectra
shows a wide absorption peak (500 to 700 cm ™) attributed to
Ti-O and Ti-O-Ti stretchings, whilst the peak at 1631 cm ™' is
associated with the bending vibration of surface O-H. The
absorption peak at 1638 cm ' can be ascribed to the C-N
heterocycle stretching vibration modes,* whereas the four
strong absorption peaks at 1252, 1328, 1415 and 1572 cm ™' can
be ascribed to the typical C-N stretching vibration modes.**
The peak at 808 cm ' is associated with the characteristic
breathing mode of triazine units.** The g-C;N,/TiO, compos-
ites showed similar absorption peaks to those of pure TiO,
nanoparticles. In addition, all of the main characteristic peaks
of g-C3N, and TiO, could also be observed in g-C3;N,/Ag/TiO,
composites.
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Fig.1 (A) XRD patterns of (a) g-CsN4 powder, (b) Ag nanoparticles, (c)
TiO,, (d) g-C3N4/TiO, composite, (e) g-C3N4/Ag/TiO, (CT-5/Ag)

composite; (B) FT-IR patterns of (a) g-CsN4 powder, (b) TiO,, (c) g-
C3N4/TiO, composite, (d) CT-5/Ag composite.
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Morphology characterizations

In order to further investigate the multilayered structure of the
2-C3N,/Ag/TiO, composites, TEM characterization was per-
formed. Fig. 2A showed a TEM image of the as-prepared g-C;N,/
Ag/TiO, composite. It can be seen that the components, with
a different recognizable crystal structure, are firmly held in
place within the sample material and the size is in the range of
20-30 nm. A three-layer composite structure, having the outer
layer of g-C3N, (with a thickness of about 2.5 nm), the interlayer
of Ag particles and the inlayer of TiO, particles, was clearly
observed. The Ag nanoparticles loaded onto the TiO, nano-
particles had a size of about 10 nm. The corresponding HRTEM
image from a single composite (Fig. 2B) showed that the lattice
spacing was 0.35 nm and 0.23 nm, respectively, which can be
attributed to the (101) planes of anatase TiO, and the (111)
planes of Ag. The corresponding SAED pattern, as shown in the
inset of Fig. 2B, further demonstrated a polycrystalline ternary
composite structure for the g-C3N,/Ag/TiO, nanoparticles. Such
structural feature is beneficial for diminishing the direct
contact between TiO, and g-C3N, so as to further block the
electron-hole recombination.

To investigate whether or not surface chemical modification
of the composite nanoparticles had been achieved, elemental
analysis of the photoanode film containing g-C;N, and silver
was conducted using scanning electron microscopy-energy

Fig. 2 (A) TEM and (B) HRTEM images of the as-prepared g-C3N4/Ag/
TiO, (CT-5/Ag) composite nanoparticles (inset: SAED pattern of the
same composite nanoparticles).
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dispersive X-ray spectroscopy (SEM-EDS). The SEM-EDS
images confirmed the presence of C, N, O, Ag and Ti in the
film (Fig. 3). By SEM-EDS, the content and distribution of the
chemical constituents could be estimated at the subnanometre
level. The SEM-EDS mapping for each element shows that
2-C3N, and Ag were uniformly distributed in the whole photo-
anode film.

UV-vis diffuses reflectance spectra

The UV-vis absorbance properties of the as-prepared samples
were analyzed by UV-vis diffuse reflectance spectroscopy. Fig. 4A
shows the UV-vis diffuse reflectance spectra of the CT-5 and
CT-5/Ag composite nanoparticles, together with those of pure
TiO, (CT-0) and protonated g-C3N,. For the pure TiO, particles,
the basal absorption occurred at a wavelength region below
380 nm, whereas the absorption wavelength region for proton-
ated g-C3;N, was below 500 nm. For the g-C;N,-modified TiO,
particles, the absorption wavelength region was wider,
distinctly in the visible light region. When compared with pure
TiO, particles, the CT-5 composites showed an additional
absorption in the 360-370 nm region and the absorption edge
occurred at a wavelength of about 410 nm, which might be due
to the existence of g-C;N, on the surface of the TiO, particles.’*
g-C3N,/Ag/TiO, composites showed prominent visible-light
absorption, which might be attributed to the surface plasmon
resonance (SPR) of the loading Ag, further confirming the
formation of Ag nanoparticles.®® The band gap energies of
semiconductors were estimated by the Kubelka-Munk trans-
formation, ahv = A(hv — Eg)"”*, where « represents the absorp-
tion coefficient, v is the light frequency, E, is the band gap
energy, A is a constant and n depends on the characteristics of
the transition in a semiconductor. Thus, as shown in Fig. 4B,
the E, of pure TiO, nanoparticles, CT-5 composites, g-C3N,
powder and CT-5/Ag composites were calculated to be 3.21,
3.10, 2.74 and 2.66 eV, respectively. It is evident that the intro-
duction of Ag and g-C3;N, into TiO, nanoparticles greatly
decreased the band gap, which would lower the required energy
for photo-induced electrons, thus enhancing incident light
utilization efficiency in the longer wavelength region.

Effects of g-C;N, and Ag on the performance of the ss-DSSCs

Fig. 5 shows the photoelectric performances of the ss-DSSCs,
which were measured under simulated AM 1.5 solar spectrum
irradiated at 100 mW cm 2. Table 1 shows the performance
parameters of the ss-DSSC devices. It can be seen from Fig. 5A
that the PCE of the ss-DSSC fabricated with pure TiO, (P25, CT-
0) for the photoanode was just 3.72%, whereas the PCEs for ss-
DSSCs with CT-3, CT-5 and CT-8 were 4.65%, 5.34% and 4.27%,
respectively. It is clear that the use of the g-C3N, modified TiO,
significantly improved the PCE of the devices. All the CT-based
ss-DSSCs exhibited higher efficiency than the ss-DSSCs fabri-
cated with pure TiO,. Among them, the CT-5-based ss-DSSC
exhibited the best performance, with Jsc = 11.76 mAcm 2,
Voc = 0.708 V, and FF = 0.641, which conforms to a notably
high PCE of 5.34%, representing an improvement of about 43%
over the ss-DSSC having only P25 as the photoanode material.

RSC Adv., 2016, 6, 102444-102452 | 102447
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Fig. 3 SEM surface morphology and EDS mapping images of the photoanode film (prepared with CT-5/Ag composite nanoparticles).

However, it follows that it is not true that more the g-C;N,
wrapped on the TiO, nanoparticles, the better the performance
of ss-DSSCs. It is well known that besides the electron concen-
tration, the electron diffusion is also an essential factor that can
affect the conversion efficiency of solar cells. Hence, the
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Fig. 4 (A) UV-vis diffuse reflectance spectra of pure TiO, (CT-0), CT-5

composite, g-CsN4 powder and CT-5/Ag composite and (B) their
corresponding Kubelka—Munk transformed reflectance spectra.
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overloading of g-C3;N, might partially affect the effective
connection between TiO, nanoparticles, thus interrupting the
fast transport of electrons from TiO, to FTO substrates and
causing the decrease of Jsc. Due to the co-effect of both electron
concentration and electron diffusion, the as-prepared ss-DSSCs
showed a first-increase-then-decrease tendency of performance
with the increase of g-C3N, loading amount. For the g-C;N, and
Ag co-modified ss-DSSCs, the result (Fig. 5B) shows that when
g-C3N, and Ag were simultaneously applied as the photoanode
material, the obtained PCE for the ss-DSSC was 6.22%, which
was the highest efficiency among all as-prepared ss-DSSCs so far,
and was about 1.7 times the PCE value obtained for a ss-DSSC
with pure TiO, (with an efficiency of 3.72%). Moreover, it can
be seen that the photocurrent density improved from 8.63 to
12.68 mA cm 2 The enhanced efficiency of these ss-DSSCs
might be explained by the role of Ag particles. Some
researchers reported that Ag can reduce the surface trap states of
TiO, and Ag nanoparticles can play a dual role in enhancing both
the absorption coefficient of the dye and the optical absorption
via surface plasmon resonance.***® In addition, they can serve as
an electron sink for photo-induced charge carriers, which
improves the interfacial charge transfer process, and minimizes
charge recombination,* thereby enhancing the electron transfer
process in ss-DSSCs and improving ss-DSSC efficiency.

To further elucidate the effects of g-C;N, and Ag on the
performance of the solar cells, electrochemical impedance
spectroscopy (EIS) measurements were performed to study
the charge transfer resistance in the prepared solar cells
(Fig. 5C). The EIS curves of all devices can be fitted through the
ZSimpWin software, as shown in Fig. 5C and the data is
shown in Table 2. The equivalent circuits were used to fit the
kinetic parameters.*® Higher frequency arcs corresponded to
the hole transport, whereas lower frequency arcs corresponded
to the electron transport and recombination. The fitted
recombination (R, electron transport (R;), and hole transport
resistance (Ry,) were plotted against the open-circuit voltage. As

This journal is © The Royal Society of Chemistry 2016
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Fig. 5 (A) [-V characteristics of ss-DSSCs with pure P25 (CT-0), CT-3, CT-5and CT-8, respectively; (B) /-V characteristics of ss-DSSCs without
and with Ag and g-C3Ny; (C) Nyquist plots and (D) IPCE spectra of ss-DSSCs with CT-0, CT-5 and CT-5/Ag composite electrodes, respectively.

the charge separated at the TiO,/dye/HTM interface, the
recombination between electrons in TiO, and holes in spiro-
OMeTAD became the dominant loss mechanism in ss-DSSCs.
Snaith et al.*® have reported that the recombination occurred
by means of the quantum mechanical tunnelling of electrons
from TiO, through the dye to recombine with holes in HTMs.
The comparison of the devices with CT-0, CT-5 and CT-5/Ag
showed that the recombination was impeded for those
devices with g-C3;N,. This result might be because the g-C3N,

Table 1 Solar cell performance parameters

Sample Jsc (mA ecm?) Voc (V) FF PCE (%)
TiO, 8.63 0.673 0.640 3.72
CT-3 10.58 0.698 0.631 4.65
CT-5 11.76 0.708 0.641 5.34
CT-8 9.77 0.667 0.655 4.27
CT-5/Ag 12.68 0.715 0.686 6.22
Table 2 EIS data of the devices®

Sample Rpec (Q cm™?) C, (F) Te (ms)
TiO, 141 3.63 x 1074 5.11
CT-5 12.2 6.41 x 10°* 7.82
CT-5/Ag 11.6 1.56 x 1072 18.09

“ Ryec (the recombination resistance); C, (the chemical capacitance); .
(electron lifetime; the values were calculated from the fitting data of
EIS measurements by means of reference?).

This journal is © The Royal Society of Chemistry 2016

could increase the separation distance between electrons in
dye/TiO, and holes in spiro-OMeTAD.** The recombination
retardation decreased with the incorporation of g-C;N, and
Ag in the photo-anode.

Fig. 5D displays the comparison of IPCE curves for the
ss-DSSCs based on different composites for the photoanodes.
Generally speaking, the photocurrent onset of the TiO,/dye,
CT-5/dye and CT-5/Ag/dye electrodes as measured from the
IPCE spectra is consistent with the onset of optical light
absorption. It can be estimated from the UV-vis diffuse reflec-
tance spectra that the cascade CT-5/Ag/dye electrode has not
only a broader light harvesting range, when compared with
the rest, but also higher IPCE values. The reason for this might
be that the reduced charge recombination results in a more
efficient charge collection from the g-C;N, nanosheets and
Ag nanoparticles, thus increasing the IPCE after the modifica-
tion with g-C3N, or Ag nanoparticles. The highest IPCE (64%)
was recorded for the ss-DSSCs modified with both g-C;N, and
Ag at a wavelength of 540 nm. As we know, the light-harvesting
efficiency (LHE) can be calculated by the following formula:
LHE = 1 — 10 *, where A is the absorbance at a given wave-
length.**** The LHE and the absorbed photon-to-current
efficiency (APCE) data are also provided as shown in Fig. 6;
the APCE data were obtained from the corresponding LHE and
IPCE data. Consequently, it provided an evidence for the reli-
ability of the increase in Jgc, with higher values in the long
wavelength region for those devices having g-C;N, and g-C3N,/
Ag, which is an indicator of reduced carrier recombination. This
was consistent with the corresponding photo-voltaic perfor-
mance and it is reasonable that the CT-5 sample possessed the
optimal loading amount of g-C;N,, which would act as
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Fig. 6 (A) LHE spectra of TiO,/dye, CT-5/dye and CT-5/Ag/dye (B)
APCE spectra derived from the IPCE and LHE.

a blocking layer to suppress the backward recombination of
electrons from TiO, and dye.

On the basis of the above results, the enhanced performance
mechanism for the g-C;N,/Ag/TiO, composites was proposed
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and schematically exhibited in Fig. 7. Herein, the optimal
loading of g-C;N, on the TiO, surface plays a crucial role in
improving the performance of the devices, which can serve as
a block layer to retard the electron backward recombination. g-
C;N, has more negative CB positions as compared with that of
TiO,, and thus, electrons in the CB positions of TiO, cannot
transfer to g-C3;N,.

Conversely, the electrons from the CB positions of g-C;N,
can easily transfer to the CB positions of TiO,. Accordingly, the
thin g-C;N, layer on the TiO, surface can effectively increase the
electron concentration in the photoanode, thus resulting in an
enhanced performance. However, a higher amount of g-C;N,
can prominently decrease the electron transport from the TiO,
to the FTO substrate, and might partially cut off the effective
connection among TiO, nanoparticles, which can interrupt the
fast transport of electrons from TiO, to FTO substrates, thus
resulting in the increase of electron transport resistance and
subsequently the decrease of Jsc.

Ag nanoparticles deposited on the TiO, surface also play
a crucial role as a bridge for electron conduction by which the
electrons can transfer to TiO,, and electron-hole pair separa-
tion in g-C3N, becomes more efficient due to the formed
Schottky barrier at the interface of the Ag and TiO, nano-
particles.*® Alternatively, the surface plasmon resonance of
Ag nanoparticles can promote visible-light absorption.”> As
a result, the photovoltaic performance of the ss-DSSCs can be
further promoted.

Conclusion

g-C3N,/Ag/TiO, nanocomposites were successfully prepared via
a facile route and applied in the ss-DSSCs photoanodes. The
ss-DSSCs based on the g-C3N,/Ag/TiO, composite achieved
a significant improvement of photoelectric efficiency compared
with that of the ss-DSSC with pure TiO,. The PCE of the

@ CBor LUMO

VB or HOMO

HTM

VB

TiO,

Fig.7 (A) Schematic for g-C3sN4 to separate the photo-generated electrons and holes; (B) schematic diagram of the electron transfer process in
ss-DSSCs based on the photoanode with g-C3N4 and Ag co-modified TiO, composites.
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ss-DSSCs improved near 66% at an optimal loading amount of
about 2.0 wt% Ag and 5.0 wt% g-C3;N,. The enhancement of the
solar cell performance was ascribed to the g-C;N, and Ag on the
TiO, surface, which could not only contribute additional elec-
trons that increase the electron concentration in the photo-
anodes, but also suppress the backward recombination of
electrons from TiO, and the hole transporting layer.
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