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Graphene-MoS, composites were synthesized via one-step microwave-assisted chemical
bath deposition and used as counter electrodes for dye-sensitized solar cells, instead of
traditional Pt film which has high cost and poor stability. The effects of graphene additive
amount on the performance of cells were studied. The results reveal that sheet porous
structure graphene and MoS, particles has been incorporated tightly, which is the benefit
of electrical conductivity and catalysis ability. A maximum efficiency of 6.3% has been
achieved under 100 mW cm~2 illumination when the Mo:C is 1:1.
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INTRODUCTION

Dye-sensitized solar cell (DSSC) has always been a research hotspot in the materials and energy field,
which is mainly due to its simple preparation process, low cost, diverse colors, and flexibility (Bajpai
et al,, 2011). A typical DSSC is composed of three parts, including photoanode, electrolyte, and
counter electrode. The photoanode receives photons and emits electrons to the external circuit
(Hong et al., 2008). After passing the load, electrons are sent to the electrolyte through counter
electrode, then reducing the I5™ in electrolyte (Zhu et al., 2017). As a precious metal, Pt is currently
the mainstream choice for traditional counter electrode, due to its excellent conductivity and catalytic
performance (Ghosh et al., 2020). However, Pt is scarce and expensive, which is not conducive to
DSSC’s mass production (Hauch and Georg, 2001). In addition, iodine-based electrolyte and air are
also corrosive to Pt, which reduces the life of cells (Olsen et al., 2000). Therefore, it is necessary to find
cheap and corrosion-resistant alternative materials for the counter electrode (Sun et al., 2014).
As a two-dimensional carbon material, graphene has been widely used as counter electrode in
DSSC research field, with excellent performance due to its electrical conductivity, porous structure,
specific surface area, and corrosion resistance (Kavan et al., 2011; Battumur et al., 2012; Liu et al,,
2020a; Liu et al., 2020b; Liu et al., 2020c). Roy-Mayhew observed that adjusting the ratio of carbon to
oxygen in graphene can improve cell efficiency (Roy-Mayhew et al., 2010). Choi et al. processed
graphene at high temperature and used it in DSSC to improve efficiency (Choi et al., 2011). In recent
years, the combination of other materials with excellent properties and graphene has become a
research hotspot (Peng et al., 2011; Wang et al., 2012). Dou et al. compounded Nil,Ps5 particles with
graphene as counter electrode for DSSC and achieved an efficiency of 5.7% showing improved
electrochemical performance (Dou et al., 2011). Wen et al. used TiN with nitrogen-doped graphene
composites to improve electrocatalysis (Wen et al., 2011). The composite of graphene and other
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catalytic materials can not only increase the overall performance
of the electrode, but also increase its stability and reduce
production costs (Feldt et al., 2013; Zhou et al,, 2014).

As a typical layered transition metal sulfide, the molecular
structure of MoS; is similar to that of graphene. MoS, has been
widely used in various fields due to its good electrochemical
catalytic performance, including lithium ion batteries, sodium ion
batteries, and photocatalytic hydrogen production (Yue et al.,
2012; Zhu et al., 2016). In the previous work, we prepared carbon
microspheres/MoS, and used it as counter electrode in DSSC, but
the spherical carbon microspheres cannot firmly combine with
MoS, (Zhu et al., 2017). Liu et al. used a physical method to mix
MoS$, and graphite oxide and made a composite material through
a reduction reaction as counter electrode (Liu et al., 2012).
However, the physical mixing method cannot allow two
components to grow tightly.

In this work, we use a one-step microwave method to prepare
graphene and MoS, composites, which greatly simplifies the
preparation process (Zhou et al., 2020). The two components
of the same sheet structure are more closely interacted with a
synergetic effect to show an outstanding performance as counter
electrode for DSSC.

EXPERIMENTAL

Graphite oxide was prepared by the Hummer method reported in
our previous work. 100 ml phosphomolybdic acid solution
(20mM, PH = 6.8) was mixed with a certain amount of
graphite oxide (0.16, 0.32, 0.64 g). Then stirred suspension was
obtained after 100 ml thioacetamide aqueous solution (70 mM)
was added. Subsequently, the above-mentioned precursor
solution was heated in a microwave reactor at 160°C with
irradiation power of 100 W for 10 min. After centrifugation,
washing, and vacuum drying at 120°C for 12 h, the resultant
precipitate was heated at 800°C for 2 h under N,/H, atmosphere.
In this work, the obtained composites material was named as
MSG-2:1, MSG-1:1, and MSG-1:2 by component ratio of
phosphomolybdic acid and graphite oxide.

The as-synthesized composites material or pure MoS,,
polyvinylidene fluoride (PVDF) and carbon black (Super-P)
were mixed and ground into N-methylpyrrolidone solvent
(NMP) at a mass ratio of 8:1:1 to form suspension and then
were dropped onto the cleaned F-doped SnO, (FTO)
(resistivity: 14 /0, Nippon Sheet Glass, Japan) glass with
100°C as counter electrodes. The Pt electrodes were also
prepared for comparison.

A layer of about 14 pm thickness and 0.2 cm® TiO, film was
pasted on FTO through the screen printing method as the
photoanode. After being sintered at 450°C for 30 min, the
photoanode was put into 0.5 mM N719 dye solution for 24 h
when it was cooled to 70°C. The dye-treated photoanode and
counter electrode were sealed together with a 60 um spacer
(Surlyn) to form a sandwich structure, and electrolyte was
injected between the two electrodes. The redox electrolyte
contained 0.6 M 1-butyl-3-methylimidazolium iodide (BMII),
30mM I,, 0.5M tert-butylpyridine, and 0.1 M guanidinium
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thiocyanate (GuNCS) in a solvent mixture of 85% acetonitrile
with 15% valeronitrile by volume.

The surface morphology of samples was analyzed by field
emission scanning electron microscope (FESEM, Hitachi, S4800,
Chiyoda-ku, Japan). The structure was characterized by high
resolution transmission electron microscope (HRTEM, JeOL-
2010) and X-ray diffractometer (XRD, Holland Analytical
PRO PW3040/60) using copper target K radiation (V = 30kV,
I=25mA, A =1.5418 A). The electrochemical impedance spectra
(EIS) and cyclic voltammetry curve (CV) were evaluated by using
an electrochemical workstation (Autolab PGSTAT 302N) in a
three electrode mode. The photocurrent density-photovoltage
curves (J-V) were measured at one Sun (AM 115G,
100 mWcm™2) by the Newport solar simulator system.

RESULTS AND DISCUSSION

Figure 1A shows the morphology of pure MoS,. It can be
observed from the FESEM that the MoS, nanoparticles are in
flake-shaped structure and aggregated into clusters. The surface
morphologies of MSG-2:1, MSG-1:1, and MSG-1:2 are shown in
Figures 1B-D, respectively. After being combined with graphene,
the agglomeration of the flake-shaped MoS, nanoparticles is
greatly reduced, and MoS, sheets were closely attached with
graphene to form a network structure. According to previous
literature, the molybdate ions in precursor solution are easily
combined with the oxygen-containing functional groups on
graphite oxide, so that MoS, could grow tightly on the
reduced graphene oxide. This compact structure facilitates the
transmission of electrons, thereby enhancing the electrical
conductivity of the composite (Lee et al., 2010). The FESEM
of the three composites is very similar, so it is impossible to
distinguish the doping amount of graphene in different samples,
which will be discussed in the XRD pattern analysis.

Figure 2 is the HRTEM of MSG-1:1. It can be clearly seen
from the figure that MoS, and graphene are very tightly
combined, showing a layered structure. Among them, the
lattice fringe with interplanar spacing of 0.62 nm corresponds
to the (002) crystal plane of hexagonal MoS,, and the interplanar
spacing of 0.34 nm matches the (002) crystal plane of graphene
(Wu et al., 2011).

XRD patterns were applied to further analyze the structure of
MoS, and the composites, as shown in Figure 3. Pure MoS,
presents a hexagonal crystal structure, which is consistent with
the PDF card (JCPDS card no.73-1508), including (002), (100),
(103), (006), (105), (110), and (112) crystal plane. The diffraction
peaks of MoS, appear in all the three composites, indicating that
the composite of graphene did not affect the formation of MoS,.
From the intensity of the C(002) diffraction peak, it can be seen
that the graphene content in MSG-1:2 is the most and decreases
in MSG-1:1 and MSG-2:1 sequentially. It indicates that graphene
has been successfully incorporated with MoS,, which is consistent
with the HRTEM results (Wu et al., 2011).

The cyclic voltammetry curve is used to test the
electrochemical performance of each electrode. It can be seen
from Figure 4 that the two pairs of redox peaks appearing in all
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FIGURE 2 | HRTEM image of MSG-1:1.

five electrodes indicate that they all have electrochemical catalytic
ability for iodine-based electrolyte. Among them, the peak
current density of the Pt electrode is the highest and the pure
MoS; electrode is the lowest. When combined with graphene, the
current densities of all the three composite electrodes are
increased, which indicates that the incorporation of graphene
can improve the electrochemical catalytic ability. The
electrochemical performance of MSG-1:1 has the most obvious
improvement, because the appropriate amount of graphene
doping can exert the conductivity of graphene without
inhibiting the catalytic activity of MoS, (Boschloo and
Hagfeldt, 2009; Li et al., 2009; Tai et al., 2012; Lin et al., 2013).

Intensity
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10 20 30 40 50 60

2Theta / degree

FIGURE 3 | XRD patterns of MSG-2:1, MSG-1:1, MSG-1:2, and MoS,.

EIS can also be used to test the electrochemical performance of
counter electrode. The Nyquist spectra of each electrode are shown
in Figure 5, and the inset is an equivalent circuit diagram. All the
curves have two semicircles in the high frequency and low frequency
regions, respectively. The low frequency semicircle corresponds to
the reaction at the photoanode/electrolyte interface, and the high
frequency semicircle corresponds to the reaction at the counter
electrode/electrolyte interface. Corresponding to the equivalent
circuit, Ry is the series resistance of the cell. R,, is the charge
transfer resistance at the interface between photoanode and
electrolyte. Ry is the charge transfer resistance at the interface
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FIGURE 5 | EIS of DSSCs with MSG-2:1, MSG-1:1, MSG-1:2, MoS,,
and Pt counter electrodes. Inset displays the corresponding equivalent circuit.

between counter electrode and electrolyte, which is an important
parameter for the performance of counter electrode. Compared with
the largest R, (22.3 Q) value of MoS, counter electrode, the R, of all
the three composite electrodes are lower. Among them, the R, of
MSG-1:1 is the lowest (9.8 Q), even lower than that of Pt counter
electrode (10.2 Q). EIS results demonstrate that the electrochemical
performance of composite counter electrode is higher than pure
MoS, counter electrode, and the catalytic ability and conductivity of
MSG-1:1 are comparable to Pt (Wang et al., 2011).

The photovoltaic performance is characterized by J-V curve. All
the counter electrodes were encapsulated with the photoanode to
be prepared as DSSCs and measured under 100 mW cm™>
illumination, as shown in Figure 6. Combining the J-V curves
and the current density (J,.), open circuit voltage (V,.), fill factor

TABLE 1 | Photovoltaic parameters of the cells with MSG-2:1, MSG-1:1, MSG-1:
2, RGO, MoS,, and Pt counter electrodes.

Sample Joo/mA cm2 Voo/V FF/% n/%
MoS, 13.6 0.72 50.8 5.0
MSG-2:1 13.8 0.72 55.0 5.4
MSG-1:1 14.2 0.71 62.1 6.3
MSG-1:2 14.1 0.72 571 5.7
RGO 13.9 0.73 51.9 5.2
Pt 14.9 0.72 65.2 7.0

(FF), and conversion efficiency (n) in Table 1, it can be found that
when graphene is incorporated with MoS,, both FF and 1y of the cell
are higher than that with single component graphene or MoS,
counter electrode. Among the three composite electrodes, MSG-1:1
has the highest FF and n, which are 62.1 and 6.3%, respectively.
This is because the composite counter electrode can exploit both
conductivity of graphene and catalytic activity of MoS,, and when
the ratio of graphite oxide to MoS, reaches 1:1, the conductivity of
graphene and the catalytic activity of MoS, are optimally fused (Li
etal., 2010; Wang et al,, 2011). Although the n based on the MSG-1:
1 counter electrode is already impressive, it still fails to surpass the
Pt counter electrode (7.0%) due to its poor reflectivity of sunlight.

CONCLUSION

Graphene and MoS, with same sheet structure were combined
and used as counter electrode in DSSCs. One-step microwave
method can greatly simplify the preparation process of the
composite electrode, and, through FESEM and HRTEM
characterization, it can be found that the materials of the two
sheet structures are very tightly combined, which is conducive to
the advantages of the two materials. After optimization, MSG-1:1
has the best performance and the efficiency can reach 6.3%.
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