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a b s t r a c t

A photoanode composed of Au/SnS/TiO2 sensitized by natural dye is designed and fabri-

cated for dye-sensitized solar cells (DSSCs). A layer of spherical nano-TiO2 is prepared by

calcination and a layer of nano-SnS is deposited on the TiO2 photoanode by the continuous

ion layer adsorption reaction (SILAR). The Au nanoparticles are modified and sensitized

with natural dye. The Au nanoparticles exhibit excellent localized surface plasmon reso-

nance (LSPR) effects and enhanced the electron trapping ability. Owing to the smaller

bandgap of SnS and optical activity in the infrared region, the electron mobility improves

and electron recombination decreases. Electrochemical assessment reveals that the pho-

toelectric characteristics of the DSSC based on Au/SnS/TiO2 are greatly improved after

natural dye sensitization and compared with the TiO2 photoanode, the power conversion

efficiency (PCE) of the DSSC improves by 105%.

© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Environmental problems caused by combustion of fossil fuels

cannot be ignored and the situation is exacerbated by that

fossil fuels are non-renewable [1]. Therefore, development of
(F. Miao), tbr_sir@163.co
rst authors.
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renewable energy is crucial to future development and among

the various renewable energy techniques, solar energy is

especially attractive because it is pollution free, economical,

and sustainable [2e4]. The use of solar energy has also spurred

the development of dye-sensitized solar cells (DSSCs) which

offer advantages such as the low cost, high photoelectric
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conversion efficiency, stable performance, and simple

manufacturing process [5e7] and theymay replace traditional

silicon-based solar cells in some applications in the future

[8,9].

In the traditional DSSC, the photoanode is composed of a

thin layer of dye-coated TiO2 or another composite structure

with a thin semiconducting layer [10]. Upon exposure to

sunlight, the dye molecules transition from the ground state

to the excited state and inject electrons into the conduction

band of the semiconductor and the photogenerated electrons

pass through the conductive substrate to produce a current

[11]. However, in spite of current advances, DSSCs require

further improvement. For example, although common com-

mercial dyes can improve the photoelectric conversion effi-

ciency of DSSCs, they are usually expensive. In this respect,

natural dyes that can replace commercial dyes can reduce

the production cost and expand the availability. Some natu-

ral plant extracts have indeed been studied as dyes to

sensitize DSSCs [12e16]. For example: K. Surana et al. have

sensitized TiO2 photoanodes by extracting dyes from fennel

and the DSSC shows a photoelectric conversion efficiency of

0.07% [17]. K.B. Erande et al. have used anthocyanins

extracted from pomegranate as a dye to produce DSSC with a

conversion efficiency of 0.2% [18] and N Purushothamreddy

et al. have utilized pear extract as a sensitizer to achieve a

conversion efficiency of 0.56% [19]. Z.K. Yildiz et al. used

blackberry as a source of dye and eventually produced a

DSSC with an optimal power conversion efficiency of 1.3%

[20]. The high photoelectric conversion efficiency and cost

saving are achieved by using blueberry juice sensitized pho-

toanodes. Most of these methods use natural dyes to sensi-

tize TiO2 photoanodes, but the bandgap of TiO2 is 3.2 eV

(anatase) and the energy required for the electronic transition

is relatively large. That is, the energy of incident light must be

relatively large as well. In order to utilize light with lower

energy, tin sulfide (SnS) with a smaller bandgap of 1.2e1.5 eV

has been proposed for photocatalysis with high electron

mobility [21e23]. In addition, by embedding small Au nano-

particles into the SnS layer to capture more photons, charge

transport can be enhanced [24]. Electrons promoted to the

excited state upon light illumination can be injected into SnS

from Au nanoparticles to improve the conductivity of the

photoanode and ultimately the photoelectric conversion ef-

ficiency of DSSCs [25].

In this work, a rough and dense TiO2 thin layer is depos-

ited on fluorine-doped tin oxide (FTO) by spin coating with

good adhesion and the SnS nanolayer on the TiO2 photo-

anode is modified by the continuous ion layer adsorption

reaction (SILAR) to weaken electron recombination and in-

crease the electron mobility. The modified Au nanoparticles

on the SnS/TiO2 electrode exhibit localized surface plasmon

resonance (LSPR) to capture more photons. At the same time,

the more economical and simple carbon-based counter

electrode is also ideal for DSSC compared to the conventional

platinum counter electrode [26]. After sensitization with

natural dye for 24 h, the DSSC photoanode shows a solar

energy conversion efficiency of 0.41% rendering the materials

and process very promising in the development of high-

performance DSSCs.
2. Experimental section

2.1. Preparation of TiO2

The FTO (fluorine-doped tin oxide) substrate was ultrasoni-

cally cleaned in acetone, absolute ethanol, and deionized

water for 5 min to remove contaminants. 0.15 g of poly-

vinylpyrrolidone (PVP) and 0.3 g of P25 TiO2 powder were

added to a mixture of absolute ethanol (1 mL) and deionized

water (1 mL) and stirred with a glass rod for 20 min to prepare

the TiO2 slurry. The slurry was spin-coated on FTO at a speed

of 2400 rpm for 60 s, air-dried for 2 min, and then spin-coated

again twice to obtain a uniformTiO2 thin film. The spin-coated

sample was annealed at 450 �C for 2 h.

2.2. Synthesis of SnS/TiO2

SnS was prepared with SnCl2 (dihydrate) as the Sn source and

Nas as the S source. SnCl2 (dihydrate) was introduced to

concentrated hydrochloric acid with a ratio of 1:5 and heated

to 100 �C until the solution became clear and transparent. An

appropriate amount of deionized water was used to prepare

the 0.01 M SnCl2 solution. Solid NaS was added to deionized

water and stirred until NaS dissolved completely to form the

0.01 M NaS solution. The TiO2 photoanode was immersed in

the SnCl2 solution for 1 min, taken out, rinsed with deionized

water several times, immersed in the NaS solution for 1 min

after natural air drying, rinsed with deionized water, and air

dried. The process was repeated four times to prepare a uni-

form SnS film on TiO2. The airdried photoanode was rapid

thermal annealed at 250 �C for 3min at a ramping rate of 20 �C
per second.

2.3. Synthesis of Au/SnS/TiO2 ternary nanocomposite

0.1 g of sodium citrate was dissolved in 10 mL in deionized

water to obtain the sodium citrate solution and 0.01 g of solid

tetrachloroauric acid was mixed with 100 mL of deionized

water and boiled under stirring. Two mL of the sodium citrate

solution were added and stirred for 10 min. After heating, it

was stirred for 15 min and cooled to room temperature to

obtain a suspension containing Au nanoparticles. An appro-

priate amount of the solution was placed evenly on the SnS/

TiO2 photoanode, dried in air, and rapid thermal annealed to

100 �C for 3 min. After cooling to room temperature, the Au/

SnS/TiO2 photoanode was obtained.

2.4. Natural dye

The use of natural dyes containing anthocyanins is used to

reduce the cost of DSSC. The blueberry fruit purchased in the

market was manually mashed and ground, filtered with a

clean gauze, and the filtered blueberry juice was mixed with

anhydrous ethanol at 1:10 as a natural dye.

2.5. DSSC fabrication

The photoanode was soaked in the natural dye for 24 h to

maximize dye adsorption on the photoanode. A carbon rod

https://doi.org/10.1016/j.jmrt.2022.09.060
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Fig. 1 e Schematic diagram of DSSC.
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was used to form a conductive surface on FTO and served as

the counter electrode of the DSSC. The dye-soaked photo-

anode and counter electrode were clamped tightly. Ethylene

glycol and iodine were used to prepare the 0.05 M iodine

solution and ethylene glycol and potassium iodide were used

to prepare the 0.1 M potassium iodide solution. The DSSC

electrolyte consisted of 1 mL each of the two solutions and it

filled the gap between the DSSC electrodes. The photosensi-

tive area was 0.25 cm2 and Fig. 1 depicts the schematic of the

DSSC.
Fig. 2 e (a) SEM image of TiO2, (b) SEM image of SnS
2.6. Materials and electrochemical characterization

X-ray diffraction (BRUKER-AXS D8), scanning electron micro-

scopy (SEM, HITACHI S-3400), and transmission electron mi-

croscopy (TEM, HITACHI H-7650) were performed to examine

the structure and morphology of the samples and the

elemental composition and chemical states were determined

by X-ray photonelectron spectroscopy (XPS, Thermo Fisher).

An ultravioletevisible spectrometer (UVeVis, PE Lamda-35)

was utilized to determine the optical properties and
/TiO2, and (c and d) SEM images of Au/SnS/TiO2.

https://doi.org/10.1016/j.jmrt.2022.09.060
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Fig. 3 e (a) TEM image of agglomerated “tree-like” TiO2, (b) TEM image of irregular SnS clusters wrapped with TiO2, (c) TEM

image of Au nanoparticles, and (d) Overview on the 500 nm scale.
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chronoamperometry (CA) was conducted on an electro-

chemical workstation (Shanghai Chenhua CHI660E) to deter-

mine the photocurrents with the aid of a purple lamp

(365 nm). Electrochemical impedance spectroscopy (EIS) was

carried out on the same electrochemical workstation in the

frequency range between 0.1 Hz and 100 kHz. The photo-

electric conversion efficiency (J-V) was determined using a

matching light source (100 mW/cm2) equipped on the elec-

trochemical workstation (Zahner Zennium).
Fig. 4 e XRD patterns: (a) TiO2, (b) SnS/TiO2, and (c) Au/SnS/

TiO2.
3. Results and discussion

3.1. Characterization

The SEM images of pure TiO2, SnS/TiO2, and Au/SnS/TiO2 are

depicted in Fig. 2. Fig. 2(a) shows that the TiO2 layer has a

uniform spherical structure and the size of the nanospheres is

in the range of 100e200 nm. The rough surface shows lots of

TiO2 nanospheres which provide strong adhesion. After

decoration with SnS as shown in Fig. 2(b), SnS nanoparticles

with a size of 200e300 nm attach to the TiO2 nanospheres.

Owing to the small concentration in the SnS solution, the

number of SnS particles is not very large. Fig. 2(c) and (d) show

the SEM images of Au/SnS/TiO2 and a small number of Au

nanoparticles 60e80 nm in size are present on the surface of

the SnS/TiO2 anode to form Au/SnS/TiO2.

TEM is performed after dispersing the sample ultrasoni-

cally as shown in Fig. 3. Fig. 3(a) shows the irregular “tree-like”

agglomerated morphology of TiO2 after ultrasonic agitation.

Since the SILARmethod is used to attach SnS to the TiO2 layer,

themorphology of SnS is irregular. Fig. 3(b) reveals a cluster of

SnS coated with TiO2 and Fig. 3(c) shows that the Au nano-

particles cluster together forming an approximately square

shape. Fig. 3(d) shows the overview on the 500 nm scale.
Fig. 4 displays the XRD patterns of (a) TiO2, (b) SnS/TiO2,

and (c) Au/SnS/TiO2 on nickel foam (NF). The three diffraction

peaks from nickel reveal the (111), (200), and (220) planes

together with peaks at 44.45�, 51.96�, and 76.44� (PDF card no.

04-0850). The black line (a) shows diffraction peaks from TiO2

(anatase) for the (101), (004), (200), (105), (211), (204), (116), (220),

(215), and (224) planes and the peaks at 25.28�, 37.78�, 47.94�,
53.90�, 54.98�, 62.72�, 68.72�, 70.22�, 75.08�, and 82.66� can be

indexed to the PDF card no. 84-1258. The red line (b) shows two

less obvious diffraction peaks at 45.28� and 63.64� related to

the (002) and (202) planes of SnS (PDF card no. 39-0354), con-

firming that SnS attaches to the TiO2 layer. The blue line (c)

shows the diffraction peak from Au at 39.08� corresponding to

the (111) plane (PDF card no. 73-2098). Because the amounts

https://doi.org/10.1016/j.jmrt.2022.09.060
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Fig. 5 e XPS spectra of Au/SnS/TiO2: (a) Survey scan, (b) C 1s, (c) O 1s, (d) Ti 2p, (e) Sn 3d, (f) S 2p, and (g) Au 4f.
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used to synthesize SnS and Au are very small, the diffraction

peaks from SnS and Au are weak but nonetheless, the results

disclose that the composite structure of Au/SnS/TiO2 has been

prepared. XPS is performed and Fig. 5 shows the survey

spectrum as well as C 1s, O 1s, Ti 2p, Sn 3d, S 2p, and Au 4f

spectra. Fig. 5(b) shows that the peak at 284.8 eV corresponds

to the aromatic CeC bond and that at 288.2 eV corresponds to

CeO. Fig. 5(c) reveals peaks at 530.1 eV and 531.7 eV corre-

sponding to TieO and hydroxyl groups, respectively. Fig. 5(d)

shows peaks at 458.8 eV and 464.3 eV for the 2p3/2 and 2p1/2

orbitals of Ti, respectively. Fig. 5(e) exhibits two peaks at

486.7 eV and 495.17 eV for the 3d5/2 and 3d3/2 orbitals of Sn,

respectively. Fig. 5(f) shows the 2p3/2 and 2p1/2 orbitals of S at
163.8 eV and 165 eV and the broad peak at 171.2 eV arises from

surface oxidation of sulfur. Owing to the small amount of Au,

two small wide peaks at 88.3 eV and 83.4 eV are observed

corresponding to the 4f5/2 and 4f7/2 orbitals of Au, respec-

tively, in Fig. 5(g). Obviously, the binding energy of Au is

slightly higher than that of conventional Au and it can be

inferred that the Au particles attach to the surface of the

composite stably.

Fig. 6 shows the UVeVis absorption spectra of the photo-

anodes. Addition of SnS and Au to TiO2 makes the surface

rougher and increases the amount of dye absorbed on the

photoelectrode. According to Mie's theory [27], more metal

nanoparticles lead to stronger absorption. As shown in Fig. 6,

https://doi.org/10.1016/j.jmrt.2022.09.060
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Fig. 6 e UVeVis absorption spectra of TiO2, SnS/TiO2, and

Au/SnS/TiO2.

Fig. 8 e EIS curves of TiO2, SnS/TiO2, and Au/SnS/TiO2.

Table 1 e The impedance data of DSSCs based on
different photoanodes.

Photoanodes Rs (U) Rrec (U) Rct (U)

TiO2 9.8 51.3 7.9

SnS/TiO2 10.2 39.1 3.9

Au/SnS/TiO2 7.8 19.7 4.2
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the Au/SnS/TiO2 electrode shows the highest absorbance at

337 nm confirming excellent light absorption. In the wave-

length range from 530 nm to 1000 nm, the absorbance of the

TiO2 electrode is lower than that of the other two electrodes,

and the absorption spectrum shifts towards lower energy,

reflecting the unique light absorption characteristics of SnS

and plasmonic effects rendered by the Au nanoparticles. The

absorption curves of SnS/TiO2 and Au/SnS/TiO2 are quite close

because the number of Au nanoparticles is small.

3.2. Electrochemical evaluation

Chronoamperometry is adopted to determine the relationship

between the current response of the different photoanodes

under illumination by 365 nm violet light with time. Fig. 7

shows that Au/SnS/TiO2 exhibits a stronger current response

than SnS/TiO2 mainly due to the excellent LSPR effect of Au

nanoparticles to capture more photons. The current response
Fig. 7 e Transient photocurrent response of TiO2, SnS/TiO2,

and Au/SnS/TiO2.
of SnS/TiO2 is also stronger than that of pure TiO2 as a result of

SnS which expands the light absorption range and reduces

recombination of electrons. Introduction of SnS and Au pro-

motes generation of photogenerated electrons, accelerates

themovement of electrons, and ultimately improves the DSSC

properties.

To analyze the charge transfer dynamics at the electrode

interface, electrochemical impedance spectroscopy (EIS) is

performed in darkness. Fig. 8 shows the Nyquist diagram of the

DSSCs based on Au/SnS/TiO2, SnS/TiO2, and pure TiO2 elec-

trodes together with the equivalent circuit. The abscissa coor-

dinate corresponding to the starting point of the curve in the

figure can be regarded as the series resistance (Rs) value of the
Fig. 9 e J-V curve of DSSC.

https://doi.org/10.1016/j.jmrt.2022.09.060
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Table 2 e The comparison of the DSSC characteristics between the composite photoanode sensitized by natural dye and
other devices reported in the literature.

Photoanodes Jsc (mA/cm2) Voc (mV) FF (%) PCE (%) Dye source ref

TiO2 1.72 330 35.2 0.20 blueberry Our wok

SnS/TiO2 1.92 338 43.1 0.28 blueberry Our wok

Au/SnS/TiO2 2.19 350 53.4 0.41 blueberry Our wok

TiO2 0.114 406 68 0.03 Syzygium Cumini [17]

rGO/TiO2 0.178 487 79 0.07 Syzygium Cumini [17]

TiO2 1.62 304.07 0.209 0.20 pomegranate [18]

TiO2 1.03 640 57.32 0.38 mangostana [28]

TiO2 0.3 540 76.37 0.123 Areca catechu [29]
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equivalent circuit. The low-frequency semicircle in the figure

reflects the charge transfer resistance (Rrec) between the pho-

toanode and electrolyte interface, whereas the high frequency

part of the semicircle shows the charge transfer resistance (Rct)

between the counter electrode (CE) and electrolyte interface,

representing the electron transfer process from CE to electro-

lyte. It canbeseen that thesemicircleof thehigh-frequencypart

of theNyquist plot of DSSC based onAu/SnS/TiO2 and SnS/TiO2

electrodes is not complete, which may be due to the increased

voids between the thin layers generated by the introduction of

Au and SnS. The specific surface area of the photoanode is

enlarged, so that the electrolyte diffuses more fully in the pho-

toanode. Table 1 reflects the impedance data of DSSCs based on

different photoanodes. We can see that the charge transfer

resistance (Rrec) of the DSSC with the TiO2 electrode is the

largest and that of the DSSC with Au/SnS/TiO2 is the smallest,

indicating that the I�/I�3 redox pair has the strongest electron

diffusion ability in the Au/SnS/TiO2 electrode. The three DSSCs

have relatively stable Rs and Rct, the Rrec becomes smaller as

SnSandAuare attached to thephotoanode. The results indicate

that introduction of SnS and Au nanoparticles provides better

electron transport channels, reduces the resistance of the

electrode, accelerates electron transport, and enhances the

electrocatalytic activity of the photoanode.

To study the performance of the photoanodes, J-V curves are

acquired from the three photoanodes upon illumination by

simulated sunlight (100 mW/cm2). Fig. 9 shows that the short-

circuit current density of the TiO2 photoanode is 1.72 mA/cm2.

The open circuit voltage is 330 mV, fill factor (FF) is 35.2%, and

power conversion efficiency is 0.20%. After modification with

SnS nanoparticles, the short-circuit current density of the cor-

responding photoanode is 1.92 mA/cm2, open circuit voltage is

338 mV, fill factor is 43.1%, and photoelectric conversion effi-

ciency is 0.28%. Compared to the pure TiO2 photoanode, the

short-circuit current increases by 11.6% and the power conver-

sion efficiency increases by 40%, thus furnishing evidence that

SnS nanoparticles improve the properties of DSSCs due to the

larger light absorption range and smaller bandgap under illu-

mination, so that more electrons are generated and recombina-

tion is reduced. After modification with Au nanoparticles, the

short-circuit current density of the photoanode increases

further to 2.19mA/cm2, open circuit voltage is 350mV, fill factor

is 53.4%, and conversion efficiency is 0.41%. Compared to the

SnS/TiO2photoanode, the short-circuit currentdensity increases

by 14% and the power conversion efficiency increases by 46%. By

incorporation of Au nanoparticles, the photoanode has a stron-

ger lightabsorptioncapacitybecause theplasmonicpropertiesof
Au nanoparticles enhance the local electric field nearby. As a

result ofmore electrons entering the photoanode,more photons

are absorbed and the photon capture rate is improved.

A comparison of the DSSC characteristics between the

composite photoanode sensitized by natural dye and other

devices reported in the literature is presented in Table 2 and

the superiority of our photoanode is clear. The excellent

properties stem from that the natural dye does not undergo

secondary treatment such as dilution and heating and the

activity of the dye molecules can be preserved. At the same

time, because of the unique composite structure, electron

recombination is reduced and electron transport is

promoted.
4. Conclusion

SnS is deposited on TiO2 by the SILAR method. Owing to the

smaller direct bandgap, absorption and utilization of visible

light are enhanced. The SnS nanoparticles and TiO2 nano-

particles promote transfer of photogenerated electrons. Au

nanoparticles are incorporated by direct deposition to intro-

duce localized surface plasmon resonance (LSPR) to improve

light absorption and photon capture, consequently enhancing

charge collection and photoelectric conversion efficiency. The

use of natural blueberry juice as the dye reduces the cost of

DSSCs and the Au/SnS/TiO2 photoanode sensitized with a

natural dye has large potential in DSSCs.
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