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Abstract: A novel sunflower-like nanocomposite of SrCo2S4 nanoflakes and
functionalized multiwall carbon nanotubes (f-MWCNTs) entanglement enveloped
in nitrogen-reduced graphene oxide (N-RGO) is prepared by a cheap process. The
unique entanglement structure of the material exhibits higher specific surface area,
better electrical conductivity and other properties. This helps to reduce the transfer
resistance in the photoelectric process of the battery and improve the electroche-
mical activity, thus increasing the photoelectric conversion efficiency of the bat-
tery. The new ternary cobalt-based sulfide material can replace platinum as the
counter electrode (CE) material loaded on dye-sensitized solar cells (DSSCs).
DSSCs with SrCo2S4@f-MWCNTs@N-RGO (SCS@f-M@N-R) as CE material
show excellent photoelectric conversion efficiency (PCE, 8.06%), even surpass-
ing than that of Pt CE material (7.51%). The low cost, excellent electrocatalytic
performance and simple preparation method of SCS@f-M@N-R nanomaterial
provide feasibility for replacing platinum material as the CE material of DSSCs,
which is of great significance and persuasion.

Keywords: Dye-sensitized solar cells; sunflower-like; multiwall carbon
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1 Introduction

The latest research shows that DSSCs are clean, convenient and cheap energy conversion devices that
are generating a wide range of interest around the world [1,2]. The main effect of the CE in DSSCs is to
transfer negative charges from the photoanode to the I3

- in the electrolyte, and catalyze the reduction and
regeneration of I3

-. For classical construction, there is else two modules in DSSC; one is a dye-loaded
TiO2 photoanode, the other is a kind of I-/I3

- redox electrolyte [3–6]. As we all know, the platinum (Pt) is
a sort of excellent CE electrocatalytic material for DSSCs because its conductivity, stability and
electrocatalytic performance are all splendid [7–10].

Nevertheless, the low quantity, high cost and much demand in other industrial manufacture of platinum
limit its application in DSSCs extensively [11,12]. Therefore, the research of an alternative to platinum
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electrocatalytic materials becomes critical at this era, which must be economical, stable and effective
[13–17]. In recent years of study, metal carbides, metallic oxides, metal sulfides and ternary compounds
have come into the view of researchers gradually. Some recent works report that such as Co3S4, Fe3O4,
NiMoS4, and CuCo2S4 nanoparticle materials are good alternatives to platinum as CE in DSSCs [18].

The ternary chalcogenides have two different cations in the single crystal structure, which have abundant
redox reactions and broad prospects in the field of DSSC-CE research [19,20]. Cobalt-based ternary sulfide
materials, such as NiCo2S4, CuCo2S4, ZnCo2S4, have attracted a lot of attentions due to the popular price and
splendid electrochemical property [21,22]. Therefore, SrCo2S4 nanoparticles can be used as CE material due
to their sterling stability and lasting performance. But, owing to the semiconductor function, SrCo2S4
incarnates the fewer catalytic reductions behavior and poor electrical conductivity for I3

− ion. So,
different treatments are needed to improve the property of the CE based on the material of the SrCo2S4
nanoparticles, while the PCE of the pure SrCo2S4 nanoparticles as CE material in DSSCs arrived at
5.37% in this experiment.

In recent decades, carbon materials have been widely used and their structures have become more and
more novel [23]. A number of techniques have been utilized for fabrication of the carbon nanomaterials
based composites [24,25]. In particular, mussel-inspired chemistry has been shown to have great potential
in the manufacture of a variety of composite materials [26,27]. Inspired by mussel-inspired chemistry, an
valid technique for enhancing dispersibility and electrical conductivity of materials is to use carbon
support materials [28]. Multiwall carbon nanotubes (MWCNTs) are used as an admirable support material
in the fabrication of electrocatalytic materials with excellent performance because of the large specific
surface area and excellent stability and conductivity [29]. Compared with other carbon materials,
MWCNTs have distinct hollow structure and circumvolute network, which contributes to produce vast
bonding points and move the ions in electrolyte [30,31]. The properties of ternary metal sulfide-based
nanocomposites with MWCNTs are indeed better than those of original ternary metal sulfide. The
following criteria can be used to effectively prepare high-property CE materials in DSSC: splendid
conductivity and stability and a lot of active sites for catalytic process [32,33]. However, because of the
small size and easy aggregation of SrCo2S4 nanoparticles, the rapid movement of electrons between
SrCo2S4 nanoparticles is delayed. Previous studies have shown that the active points of nanometer
support materials mostly exist in the scaffold structure and hollow structure, which provides ideas for
improving the stability of materials and the efficiency of electrocatalysis [34,35].

Meanwhile, the graphene is a peculiar planar structural material; it has good chemical stability and
excellent charge-mobility interaction with other molecules. Using a similar method,we can wrap metal
sulfides in other carbon materials, amorphous carbon, RGO and N-doped RGO are attractive options,
such as NiCo2O4@RGO, MoS2@N-RGO [1]. We could even use several carbon materials to enhance the
electrochemical performance, improve the dispersion ability and increase the catalytic efficiency of the
CEs, to improve the photoelectric conversion efficiency. After comparing the electrodes encapsulated
with RGO and N-RGO, the researchers found that N-RGO has better electrical conductivity, more
abundant active sites and larger specific surface area which could improve the catalytic performance [36].
Therefore, we would like to synthesize SCS@f-M@N-R nanocomposites to approach the photoelectric
conversion efficiency of Pt, as shown in Fig. 1.

Our study focused on the transition metal cobalt (Co) ternary sulfides, and we noticed that alkali metal
strontium (Sr) compounds in electronic semiconductor devices are widely used, its unique physical and
chemical performance let us produce strong interest, so we will use the hydrothermal preparation of
porous hollow core spherical SrCo2S4 as the original electric catalytic properties of ternary sulfides as the
initial reference sample; in order to ensure faster collection and extraction of electrons, using multi-walled
carbon nanotubes is a good choice. The synthesized SrCo2S4 nano microspheres and functionalized
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multi-walled carbon nanotubes were heated in ethanol solution to obtain the SCS@f-M nanocomposite,
which was taken as the second sample; Sample No. 3 was coated with nitrogen-doped reduced graphite
oxide (N-RGO) with less lattice defects to increase the corrosion resistance of the composite material, as
shown in Fig. 2.

2 Experiment

2.1 Materials
The cobalt nitrate ((Co(NO3)2•6H2O), strontium nitrate (Sr(NO3)2), thioacetamide (CH3CSNH2) and

polyethylene glycol 20000 (PEG 20000) were purchased from the Tianjin Guangfu Fine Chemical
Industry Research Institute. Isopropanol ((CH3)2CHOH), glycerol (C3H8O3), sulfuric acid (H2SO4),
phosphoric acid (H3PO4), nitric acid (HNO3) and ammonium hydroxide (NH4OH) were bought from
Guoyao Chemical Reagent Co., Ltd. Aladdin Reagent Co., Ltd (Shanghai, China) provides iodine redox
pairs of confected raw materials (LiI, LiClO4, I2). Shanghai Mackin Biochemical Co., Ltd. provides

Figure 1: The unique sunflower-like structure of SCS@f-M@N-R

Figure 2: Synthetic route of SrCo2S4, SCS@f-M and SCS@f-M@N-R
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original MWCNTs and graphene oxide (GO) nanosheets. According to the manufacturer’s model, the length
of MWCNTs is 10–20 μm, the inner diameter is about 5–12 nm, the outer diameter is 25–50 nm, and the
purity of MWCNTs is more than 95%. The electrothermal distiller in our laboratory provides deionised
water for all experiments.

The Pt covered counter electrode (CE), TiO2 photoanode, dye N719, electrolyte and fluorine-doped tin
oxide (FTO) were provided by Yingkou OPV Tech. New Energy Co., Ltd. Liaoning (Yingkou) China. These
electrolytes consist of 0.05M I2, 0.5M LiI, 0.5M 4-tert-buylpyridine and 0.6 M1-propyl-2,3-dimethyl-
imidazolium iodide in acetonitrile solution according to the manufacturer’s instruction.

2.2 Functionalized Processing of Multiwall Carbon Nanotubes
The purity of MWCNTs purchased from manufacturers is not more than 95%. Therefore, the purity must

be improved by removing carbon material particles and metals (such as nickel, cobalt and iron) in the reflux
process. The acid treatment of MWCNTs by refluxing process is a simple method to remove impurities and
increase the content of –OH and –COOH [37]. Usually, 300 mg of original MWCNTs were poured into
100 ml hydrochloric acid (HCl, con. 36.5%) contained by a 200 ml beaker, after 30 minutes of
ultrasound, the solution was added to 300 ml three-necked flask. It was cooled naturally at room
temperature, centrifuged after a 4h-reflux at 80–90°C, and the supernatant was separated through a
decanting method. Then, the precipitated solution was filtered by 0.22 μm polytetrafluoroethylene (PTFE)
membrane and washed with water for several times by vacuum filter extractor until the pH reached 7. Then,
we dry the residue by using a vacuum freeze dryer at -75°C for 12 hours for subsequent application.
Similarly, 150 mg acidified MWCNTs were poured into 100 ml nitric acid (HNO3, con. 63%) contained by
a 200 ml beaker. After 30 minutes of the liquid ultrasound, the mixture was transferred to a 300 ml three-
necked flask, stirred magnetically at 150°C for 6 hours in a reflux operation, and then filtered to extract the
sediment. They were eventually dried for 12 hours in a vacuum freeze-dryer at -75°C to obtain MWCNTs
rich in the –COOH group, which were then stored in sealed shade vials for later use.

2.3 Synthesis of Hollow SrCo2 S4 Nanospheres and SrCo2 S4 @ f-M Nanocomposite
In the common synthesis path of ternary sulfides, a transparent pink solution was obtained by dissolving

0.1456 g of Co(NO3)2•6H2O and 0.0529g of Sr(NO3)2 in a mixture of isopropanol (70ml) and glycerol (10 ml).
The pink mixed solution was then in a reaction at 180°C for 24 hours through a high pressure closed PTFE
autoclave. Purple sediment was obtained by centrifugation after cooling to normal temperature. Then, it was
washed 6 times with ethanol and then dried at 60°C. To prepare hollow SrCo2S4 nanospheres, dissolved
and stirred 0.0500 g thioacetamide (TAA) and 0.0300 g precipitate with 25.0 ml ethanol. At 200°C, the
reaction was then sealed in a PTFE autoclave and heated for 12 hours. After several rinses by using
centrifugal with distilled water and ethanol, then drying, the hollow SrCo2S4 nanospheres were finally
acquired. Next, the 0.1g SrCo2S4 nanospheres were ultrasonic for 1 h with 30ml ethanol, and the 0.05 g
f-MWCNTs was ultrasonic for 1 h with 60 ml ethanol. Next, the SrCo2S4 solution was poured into the
another solution under ultrasonication for 0.5 h. Then, the ultrasonic mixture was stirred at 80°C for
10 hours and then poured into the PTFE autoclave. After 3 hours of the sealed reaction at 150°C, the
precipitate was treated in the same way as mentioned above. Finally, the black precipitate after washing was
dried in the vacuum freeze dryer at -75°C for 24 hours and stored for subsequent use.

2.4 Preparation of SCS@f-M@N-R
The synthesis method of N-RGO is as follows: dissolve 30 mg GO in 30 ml deionized water and

ultrasonic treatment for 1 hour. Next, we added 3 ml of ammonia and stir for 10 minutes. The mixture
was poured into the closed autoclave of PTFE and then baked at 160°C for 48 hours. The resulting
mixture was filtered, centrifuged, washed, dried and stored. Then, SCS@f-M@N-R nanocomposites were
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synthesized through surface hydrothermal method. SCS@f-M nanocomposites and N-RGO are used as
matrix materials in aqueous solutions. Initially, N-RGO (0.03 g) and SCS@f-M (0.09 g) was respectively
dispersed in 30 ml water and ultrasonication for 1 hour. Then, the latter solution was poured into the
N-RGO solution and maintained further ultrasound treatment within 20–30 minutes to make a
homogenous solution. After that, the mixed solution was moved to PTFE autoclave and baked at 120°C
for 3 hours. Next, the black liquor was cleaned with water and ethanol for several times. At last the
residue was lyophilized in a freeze-dryer with vacuum at -75°C overnight.

2.5 Fabrication of the CEs Based on DSSC
The prepared samples are regarded as original materials for the manufacture of CEs. Typically, we grind

0.01 g of polyethylene glycol (PEG20000) with 0.04 g of composite material, which is a ratio of 1 to 4, in a
small amount of alcohol until a thick black slurry is formed. For this reason, the FTO laminated glass
substrate was needed. Clean the cut FTO with deionized water, and after three or four times of ultrasonic
treatment with ethanol, put it in the oven to dry. A digital multimeter (DMM) is used to measure the
conducting surface of the dried FTO. Tape (3 M) is affixed to both sides of the wide edge of the
conducting surface. Use a scraper to evenly spread the thick grinding fluid between the tapes and form a
film with an area of 0.5 cm × 0.5 cm. Once the film has dried, remove the tape from the sides of the
FTO. Finally, the CEs were annealed in a 400°C tube furnace in Ar atmosphere for 4 hours. DSSC is
usually fabricated by assembling a titanium dioxide photoelectric anode (dye-sensitized) and a prepared
CE escorted by adding redox electrolyte. Initially, the purchased titanium dioxide photocatalyst with a
surface area of 0.4 cm × 0.4 cm was sensitized by immersing dye solution in darkness at 25°C for
20 hours. After that, the sensitized titanium dioxide photocatalyst was cleaned with alcohol and dry
slowly with a hair dryer. Titanium dioxide photocathode and counter electrode were separated with
transparent tape. Finally, we filled the space between the two electrodes with acetonitrile electrolyte.

2.6 Testing Method
In our study, the X-ray diffraction (XRD) pattern of the sample was measured using the Japanese X-ray

diffractometer Rigaku/MAX-3A “CuKα radiation source (λ = 1.54056 Å).” The parameters were set in the
2θ angle range of 10°–80° scanned at 4°/min. Transmission electron microscopy (TEM) and scanning
electron microscopy (SEM) can provide the microstructure image of the samples. Raman spectroscopy can
prove the presence of a large amount of carbon on the surface of the samples. X-ray photoelectron
spectroscopy (XPS) can be used to determine the types and approximate proportions of elements on the
surface of the sample. The catalytic properties of the CE coated with samples can be obtained by cyclic
voltammetry in a three-electrode system connected to an electrochemical workstation (ZAHNERZENNIUM
CIMPS-1, Germany). Similarly, the electrochemical workstation can also measure the Tafel polarization
curves and electrochemical impedance spectroscopy (EIS) of the CE coated with samples. When the
condition of illumination was AM 1.5 and 100 mW cm-2, the photoelectric current density voltage (J-V)
curve was measured with a digital source meter (Keithley 2410).

3 Test Results of Each Part

3.1 Morphological Structure and Elemental Composition
The XRD result of the SrCo2S4, SCS@f-M, SCS@f-M@N-R are revealed in Fig. 3, all the diffraction

peaks of SrCo2S4 occurring at 15.0°, 16.2°, 17.8°, 20.2°, 22.1°, 24.8°, 30.9° could be matched to (110),
(002), (200), (112), (211), (202), (220) plane of standard card (JCPDS 73-1180), obviously, the main
diffraction peak of SrCo2S4 is at 22.1°. Moreover, the increase of the width of the diffraction peak of
SCS@f-M@N-R indicates that the SrCo2S4 nanoparticles are very small and uniformly spread across the
surface of N-RGO; the disappearance of the peak of SCS@f-M indicates that the hollow spherical SrCo2S4
decomposes gradually under the action of carbon nanotubes and forms a disorderly entangled structure.
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The surface morphologies and microstructures of the all materials were provided by SEM and TEM. In
Figs. 4a and 4b, the samples of SrCo2S4 synthesized by hydrothermal method show hollow spherical shape
with a radius of about 200 nm, and the surface particles are arranged tightly. In Fig. 4c, under the catalysis of
functionalized multiwall carbon nanotubes, hollow spherical samples were decomposed into flaky powders.
Furthermore, the flake sample was combined with f-MWCNTs to form a sunflower-like shape compound,
and they come together in the shape of a bird’s nest. Next, we can see the entangled products of the
above synthesis are evenly wrapped on the thin film of N-RGO in Fig. 4d. HR-TEM images of some
typical regions in the SCS@f-M@N-R sample can be observed in Figs. 4e and 4f. The two images
expose that the visible lattice spacing of SrCo2S4 of 0.19 nm can match with crystal face (220) of
SrCo2S4, which is matched with the result of XRD. As shown in the pictures of TEM, the entangled
network structure of the sample with MWCNTs has a larger specific surface area, which is helpful to the
I3
- diffusion and the availability of redox coupling points in electrolytes.

Raman spectra result of SrCo2S4, SCS@f-M, SCS@f-M@N-R are showed in Fig. 5. From this picture,
two strong peaks at about 1348.5 cm-1 and 1583.5 cm-1 of the samples are presented, which are respectively
distributed to the disordered and graphene band [38]. The peaks at band D showed the disorder and defect in
the structure of GO, while those at band G showed the vibration mode corresponding to the Sp2 bond in the
hexagonal structure of two-dimensional grapheme [39]. These show that the SCS@f-M nano-conjugates are
well wrapped in the N-RGO layer, which is similar to the result of XRD analysis.

The XPS measurements further analyze the elemental composition in the surface of the hybrid material
[40,41]. The element approximate proportions calculated from the XPS test are shown in Tab. 1. We can see
that the content of Sr element on the surface of the sample is low, and the content of S and Co element
decreases with the addition of the carbon material, and N element is successfully doped into RGO. The
measurement scanning spectrum in Figs. 6 and 7 proves the presence of N 1s, O 1s, C 1s, S 2p, Sr 3d
and Co 2p signals, demonstrating the presence of nitrogen, oxygen, carbon, sulfur, strontium and cobalt
elements in the composite material. And the N 1s peak in the result of SCS@f-M@N-R was compared
with SrCo2S4 and SCS@f-M, which confirmed the success of nitrogen doping [42]. The test of X-ray
photoelectron spectroscopy shows that the experiment successfully obtains the SCS@f-M@N-R
nanocomposites.

Figure 3: X-ray diffraction patterns of SrCo2S4, SCS@f-M and SCS@f-M@N-R nanoparticles

436 JRM, 2020, vol.8, no.4



3.2 Cyclic Voltammetry Analysis
The cyclic voltammetry (CV) curve of the sample can be measured by the three-electrode system, and

the electrocatalytic performance of the sample can be analyzed. Fig. 8a indicates that the CV curves of Pt,

Figure 4: (a) SEM image of SrCo2S4 nano flake (b) TEM image of SrCo2S4 nano flakes (c) TEM image of
SCS@f-M with tangled structure (d) TEM image of SCS@f-M covered with N-RGO (e) TEM image of
SCS@f-M@N-R (f) The image of SCS@f-M@N-R in HR-TEM

Figure 5: Raman spectra of SrCo2S4, SCS@f-M and SCS@f-M@N-R nanoparticles in the wavelength
range of 200–2500 cm-1
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SrCo2S4, SCS@f-M, SCS@f-M@N-R electrode in I3
-/I- electrolyte system. As we can see, the oxidation peak

of SCS@f-M@N-R CE is higher than that of Pt CE, while the reduction peak is lower. In addition, the interval
of SCS@f-M@N-R CE between oxidation peak to reduction peak (ΔEpp) is about 0.29 V, which is the smallest
among all the electrode materials tested (Tab. 2). The results show that SCS@f-M@N-R CE has better
electrocatalytic activity, lower over potential and faster reaction speed, which is due to the sunflower-like
shape. In this entangled structure of SCS@f-M@N-R, the concentrated SrCo2S4 mainly play a catalytic
role; the f-MWCNTs mainly play the role of fast electron collection and transmission, while increasing the
specific surface area; N-RGO is responsible for protecting internally catalytic active substances from
electrolyte corrosion [43,44]. Also, electrochemical stability is an another key index for the CE. From the
Fig. 8b, we can observe that the peaks of the cyclic voltammetry curve of SCS@f-M@N-R, which has
been tested for 10 times, basically coincide, with no deviation and no attenuation.

3.3 Electrochemical Impedance Spectroscopy Analysis
Electrochemical impedance spectroscopy (EIS) can reflect the charge-transfer characteristics of direct

current circuits. EIS studies have been widely used to explore negative ions on the reduced reverse
electrode of I3

-, as well as well-loaded equivalent circuits. The Rs values indicate the range of similar
series resistances formed by the electrolyte and electrode, while the Rct values reveal the charge transfer
resistance at the CE/electrolyte interface. In the Nyquist curves of EIS, the first semicircle is located in
the high-frequency region and represents the value of Rs. The second semicircle and the last tail represent
the low-frequency region, which correspondingly describes the charge transfer (Rct) at the interface
between TiO2/N719/electrolyte and the value of the Nernst diffusion impedance (ZN) [45–47]. In Fig. 9a,

Table 1: The proportion of different elements on the surface of each sample

CE materials Sr Co S C O N

SrCo2S4 0.19% 51.73% 48.08% 0 0 0

SCS@f-M 1.30% 26.22% 37.86% 34.61% 0 0

SCS@f-M@N-R 0.06% 1.05% 1.30% 70.15% 21.41% 6.02%

Figure 6: “X-ray photoelectron spectroscopy (XPS)” survey spectra of SrCo2S4, SCS@f-M and SCS@f-M@N-R
nanoparticles
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the Rct of the Pt, SrCo2S4, SCS@f-M and SCS@f-M@N-R electrodes are about 0.30, 2.09, 0.41 and 0.26 Ω
cm2 respectively, which is summarized in Tab. 2. SCS@f-M@N-R has a reduced Rct value, which indicates that
there are higher conductivity and a even bigger specific surface area in the nanocomposite with sunflower-like
entangled structure, thus improving the electrochemical efficiency of the counter electrode of DSSC [48–52].

Figure 7: (a) C 1sXPS spectrum of SrCo2S4@fMWCNTs@N-RGO (b) O 1s XPS spectrum of SCS@f-M@N-R
(c) N 1s XPS spectrum of SCS@f-M@N-R (d) S 2p XPS spectrum of SCS@f-M@N-R (e) Co 2p XPS spectrum
of SCS@f-M@N-R (f) Sr 2p XPS spectrum of SCS@f-M@N-R
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3.4 Tafel Polarization Analysis
Using the platinum electrode as a control, we can observe the charge diffusion and transfer

characteristics on the surface of CE and the catalytic activity of I-/I3
- redox pairs from the measured Tafel

polarization curve. The exchange current density (J0) in Fig. 9b is calculated from the specific slope on
the Tafel curve, and the limit current density (Jlim) is equal to the Y-axis value of the intersection point of

Figure 8: (a) CV curves for Pt, SrCo2S4, SCS@f-M and SCS@f-M@N-R counter electrodes (b) CV curves
of SCS@f-M@N-R with 20 cycles successive scans

Table 2: CV, EIS and Tafel polarization parameters based on different CE materials in DSSC obtained from
Figs. 8 and 9

CE materials Rs (Ω cm2) Rct (Ω cm2) lgJ0 (mA cm-2) lgJlim (mA cm-2) ΔEpp (V)

Pt 6.06 ± 0.01 0.30 ± 0.01 1.63 ± 0.01 2.08 ± 0.01 0.32 ± 0.01

SrCo2S4 7.79 ± 0.01 2.09 ± 0.01 0.78 ± 0.01 2.01 ± 0.01 0.49 ± 0.01

SCS@f-M 5.70 ± 0.01 0.41 ± 0.01 1.50 ± 0.01 2.36 ± 0.01 0.23 ± 0.01

SCS@f-M@N-R 5.73 ± 0.01 0.26 ± 0.01 1.69 ± 0.01 2.65 ± 0.01 0.29 ± 0.01
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the cathode branch and the Y-axis [53–55]. From Fig. 9b, we can find that the J0 value relation of the all four
CEs is SCS@f-M@N-R > Pt > SCS@f-M > SrCo2S4, while the Jlim value relation is SCS@f-M@N-R >
SCS@f-M > Pt > SrCo2S4 (Tab. 2). Through the analysis of Tafel curve, the parameters J0 and Jlim
between electrolyte and electrode material are obtained, which can also be calculatedfrom the Eqs. (1)
and (2), revealing the catalytic activity and efficiency between electrolyte and electrode material.

J0 ¼ RT

nFRct
(1)

Jlim ¼ 2neDCNA

d
(2)

In Formula (1), T is absolute temperature, R is universal gas constant, Rct is the charge transfer resistance
at electrolyte interface, n is the number of stoichiometric electrons participating in the reaction and F is
Faraday constant. In Formula (2), D is the coefficient of diffusion triiodide, C is the concentration of
triiodide, e is the value of charge, d is electrode distance and NA is Avogadro’s constant [6,51,56–58]. As
a result, compared with Pt, the SCS@f-M@N-R has higher catalytic performance, faster electron
transmission efficiency and larger diffusion coefficient, which is in coordination with EIS analysis results.

Figure 9: (a) Electrochemical impedance spectra of the CEs (b) Tafel polarization curves of the CEs
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3.5 Photovoltaic Performance Analysis
In the search for an alternative of the Pt CE, the photoelectric performance is not negligible. Fig. 10a

shows the photocurrent density-voltage (J-V) curve of the DSSCs loaded with Pt, SrCo2S4, SCS@f-M
and SCS@f-M@N-R as the counter electrode material. Tab. 3 summarizes the open-circuit photovoltage
(Voc), short-circuit photocurrent density (Jsc), photoelectric conversion efficiency (PCE), filling factor (FF)

Figure 10: (a) Photoelectric curves of the different DSSCs (b) PCE curves of the different DSSCs

Table 3: Photovoltaic parameters of different CEs based in DSSCs

CE materials Jsc (mA cm-2) Voc (V) FF (%) PCE (%)

Pt 14.588 0.742 68.092 7.51

SrCo2S4 12.684 0.685 60.083 5.37

SCS@f-M 13.715 0.743 65.555 7.21

SCS@f-M@N-R 16.322 0.745 70.197 8.06
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gained from the Fig. 10. According to the Tab. 3, the DSSC based on SCS@f-M@N-R as the CE can reach
0.745V in Voc, 70.197% in filling FF, 16.322 mA cm-2 in Jsc, 8.06% in PCE. This shows that the excellent
photovoltaic performance of SCS@f-M@N-R far exceeds that of pure SrCo2S4. Moreover, the photoelectric
conversion efficiency of SCS@f-M@N-R exceeds the performance of Pt (7.51%), which makes the
nanomaterial could replace Pt, which has been reflected in the previous studies.

4 Conclusions

To sum up, when SrCo2S4 hollow sphere nanoparticles prepared by hydrothermal method in the
laboratory were directly applied to DSSC, the corresponding PCE was only 5.37%, lower than that of Pt.
From the analysis of all above test, we can conclude that the electrocatalytic activity of pure hollow
sphere SrCo2S4 is weak. However, the hollow sphere structure has a larger specific surface after being
broken. So we introduced MWCNTs to forming the tangled and sunflower-like structure of SCS@f-M
nanocomposite. This structure allows the retention of a huge specific surface area while improving the
performance of other aspects. The wrapping behaviour of N-RGO can enhance the stability of the sample
and further improve the electrocatalytic performance. The final nanocomposite has been applied in the
counter electrode of DSSC, showing excellent electrocatalytic performance and splendid stability. In the
study after the assembly of DSSC, the PCE of SCS@f-M@N-R electrode is higher than the performance
of Pt electrode. The low cost, excellent electrocatalytic performance and simple preparation method of
SCS@f-M@N-R nanomaterial provide feasibility for replacing platinum material as the CE material of
DSSC, which is of great significance and persuasion.
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