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In this study, we report a mild and controllable preparation method for graphene oxide (GO) and ZnO ultrafine powder,
respectively. On this basis, reduced graphene oxide (rGO)/ZnO composite powder for the photoanodes of dye-sensitized solar
cells (DSSCs) was synthesized by chemical reduction method. Phase composition, microstructure, chemical structure, conduc-
tivity, and specific surface area were examined using X-ray diffraction (XRD), scanning electron microscopy (SEM), transmis-
sion electron microscopy (TEM), Fourier-transform infrared spectroscopy (FT-IR), Raman, and Brunauer-Emmett-Teller (BET)
method, respectively. Photoelectric performance of DSSCs was studied by the current density-voltage (J-V), electrochemical
impedance spectra (EIS) photoelectric test system. As rGO possesses higher adsorption capacity and excellent conductivity,
hence it may effectively promote separation of electrons and holes, transmission ability of electrons and holes, and utilization
of the light. By contrast, the as-synthesized zinc oxide (ZnO) may increase adsorption capacity of dye molecules, so photo-
electric conversion efficiency (PCE) of the solar cells is increased by means of synergistic effects. When adding rGO in the
rGO/ZnO composite powder at 1.25 wt%, PCE reaches to 6.27%, an increase of 20.6% more than that of pure ZnO as the
photoanode.
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1. Introduction which have a significant effect on efficiency of the
cells, are usually made up of ZnO according to
Cheng et al. [9], TiO, according to Ei-Ghamri et
al. [10], and SnO; according to Zatirostami [11].
In the process of light absorption and electron gen-
eration of DSSCs, there are many defects (such as
vacancies, impurities, and interface) in the inter-
face between dyes and particles or between pho-
toanodes and fluorine-doped tin oxide (FTO) glass,
which reduces the generation and transmission of
electrons and holes and increases the recombina-
tion, resulting in the reduction of photoelectric per-
formance of DSSCs according to Babar et al. [12]
and Dhamodharan et al. [13]. For example, Babar
et al. [12] reported that TiO, with mesoporous
structures have one of the best dye captivations,
but the recombination rate is boosted by the per-
foration of the electrolyte into pores, so photoelec-
tric conversion efficiency (PCE) of the cells is de-
creased. Therefore, application of graphene in the
* E-mail: jiakeli,jci@163.com photoanodes can effectively increase efficiency of

Graphene is formed by the close packing of
monolayer carbon atoms with sp? orbital hy-
bridization, and its crystal structure is a two-
dimensional honeycomb-like structure. The unique
two-dimensional structure endows graphene with
high chemical stability, high specific surface area
(theoretical value, 2.6 x 103 m?/g), excellent con-
ductivity (10® S/m), and high electron mobility
(RT, room temperature, 1.5 X 10* cm?/(V-s)), as
reported by Darabdhara et al. [1] and Zhu et al. [2].
Therefore, graphene may be applied in the field of
dielectric materials according to Panahi-Sarmad et
al. [3] and Bharatiya et al. [4], as a supercapacitor
according to Kumar et al. [5] and Zhu et al. [6], and
in photovoltaic devices according to Chang et al.
[7] and Ubani et al. [8]. Dye-sensitized solar cells
(DSSCs) are devices that transfer solar energy to
electrical energy, and the photoanodes of DSSCs,
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separation and transmission of electrons and holes,
so as to improve the photoelectric performance of
DSSCs according to Sarkar et al. [14] and Patil et
al. [15]. For example, Sarkar et al. [14] reported the
synthesis of nickel sulfide (NiS) nanoparticles dec-
orated reduced graphene oxide (rGO) as counter
electrode (CE) in DSSC. The charge transfer resis-
tance (R,) of the cell was decreased from 3 Q/cm?
to 1.5 Q/cm?, so PCE was increase from 7.7% to
9.5%.

In general, graphene oxide (GO) was prepared
by the traditional Hummers method with the reac-
tive system temperature, which is controlled from
low to high temperature, as reported by Zhu et
al. [2] and Yoo and Park [16]. Due to the layered
structure of graphite, it is enlarged in the late stage
of oxidation, so the high-temperature environment
makes reaction violent and difficult to control.
Moreover, the traditional Hummers method for
preparing GO also has other disadvantages, such as
environmental pollution, and other defects in GO
due to insufficient oxidation, as reported by Aixart
et al. [17] and Hou et al. [18]. Therefore, it is of
great significance to explore a mild and easily con-
trolled process to prepare high-quality GO.

In addition, there are many kinds of methods for
preparation of ultrafine powder for photoanodes,
such as the sol-gel method according to Balachan-
dran et al. [19], hydrothermal method according to
Jiao and Jiao [20], coprecipitation method accord-
ing to Wang et al. [21], and combustion method ac-
cording to Liu et al. [22]. Among the above prepa-
ration technologies, solution combustion method is
a new method for synthesis of ultrafine powder,
which possesses advantages such as low synthe-
sized temperature, simple process conditions, easy-
control process of preparation, short reaction time,
and the synthesized powder with small and uniform
particle size, as reported by Striker and Ruud [23]
and Boobalan et al. [24]. For example, Boobalan et
al. [24] reported that ZrO, powder was prepared by
the combustion method using sucrose as fuel and
zirconyl nitrate as oxidant in aqueous solution, and
oxidant to fuel molar ratio was optimized (0.2) to
prepare nanocrystalline ZrO, with particle size of
5-30 nm.

In this study, GO was prepared by the improved

Hummers method with the reactive system temper-
ature from high, low to medium, and this prepa-
ration process was mild and easy to control. In
addition, ZnO ultrafine powder was synthesized
by solution combustion method. On this basis,
rGO/ZnO composite powder, which was used to
prepare the photoanodes of solar cell, was synthe-
sized by chemical reduction method. Phase compo-
sition, microstructure, and PCE of the synthesized
powder and the solar cells were examined using
XRD, SEM, TEM, FT-IR, Raman, BET and pho-
toelectric conversion test system.

2. Experiment

2.1. Materials

Microcrystalline graphite (average particle
size 30 um, concentration >98%), concentrated
sulfuric acid (H,SOy4, concentration 96%—-98%),
concentrated hydrochloric acid (HCI, con-
centration 36%), hydrogen peroxide (H,O3,
concentration 30%), potassium permanganate
(KMnOQy), potassium persulfate (K,S,0sg), phos-
phorus pentoxide (P,Os), zinc nitrate hexahydrate
((Zn(NOj3),-6H,0), sucrose (CijpH»20q;1), zinc
acetate (Zn(Ac);-2H,0), polyethylene glycol-300
(PEG-300), hydrazine hydrate (H¢N,O, 80%),
ethyl cellulose (viscosity:10 cp), ethyl cellulose
(viscosity:46 cp), and terpineol and anhydrous
ethanol (C,HgO) were used. All reagents were
of analytical grade and used without further
purification.

2.2. Synthesis of GO

GO was prepared by the improved Hummers
method with the reactive system temperature from
high, low to medium, and the schematic diagram of
GO preparation process is as shown in Figure 1.

In the high-temperature oxidation period,
9.7 mL H,SO4 was added into a 500 mL beaker
accurately, and 1.2 g microcrystalline graphite,
2 g K»S,0g, and 1.2 g P,Os were successively
added to a beaker under stirring condition. Then
the beaker was placed in a water bath at 80°C with
stirring for 4.5 h. In the low-temperature oxidation
period, 50 mL H>SO4 and 6 g KMnO4 were added
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Fig. 1. The schematic diagram of GO preparation process. GO, graphene oxide

to the above mixed suspension in an ice-water bath
at 5°C with stirring for 1 h, and a dark green sus-
pension was obtained. In the medium temperature
oxidation period, the water bath temperature was
raised to 35°C, and the dark green suspension was
stirred for 2 h, and then 100 mL deionized wa-
ter was added to the suspension with stirring for
2 h. Finally, 280 mL deionized water was added to
the above suspension with stirring condition, and
then 8 mL H,O, was added until the suspension
turned to bright yellow. The bright yellow suspen-
sion was filtered and washed using 5% HCI so-
lution and deionized water several times until the
pH value of the filtrate was equal to 7. GO pow-
der was obtained by freeze-drying the filter. The
freeze-drying process consists of two stages. The
first stage is that of pre-freezing, where the temper-
ature, time, and vacuum degree were — 40°C, 5 h,
and 1.013 x 10° Pa, respectively; the second stage
was the drying which is from — 40°C to 5°C with
heating rate of 0.05°C/min under vacuum degree of
30 Pa.

2.3. Synthesis of ZnO Ultrafine Powder

Zn0O ultrafine powder was synthesized by the
solution combustion method. The precursor solu-
tion was obtained by mixing zinc nitrate, sucrose,
and deionized water with a certain proportion. Ac-
cording to the principle of propellant chemistry,
sucrose-zinc nitrate solution was completely com-

busted with releasing of N, CO;, and H,O gas ac-
cording to Striker and Ruud [23], and the combus-
tion reaction equation was as follows:

5 5(—
Zn(NO3)2 + TZ)CHHZZOH + ((P;)Oz (D)
fgniting 0+ stf H,0 + 57(pC02 N,

where @ is the molar ratio of sucrose and nitrate,
which is called stoichiometric coefficient. When
¢ is equal to 1, the system is completely com-
busted according to the theory. Considering the fac-
tors such as heat dissipation of the system, ¢ equal
to 1.5 was chosen (excessive fuel). Raw materi-
als were weighed according to stoichiometric ra-
tio (see Eq. (1)) and dissolved in deionized wa-
ter. In the precursor solution, Zn>* concentration
was 0.2 mol/L and sucrose concentration was deter-
mined by using Eq. (1). A certain volume of precur-
sor solution was taken to a refractory crucible and
then placed in a furnace at 500°C. Subsequently,
combustion reaction was occurred and powder was
obtained after completion of the reaction. The de-
tailed preparation process is shown in the relevant
literature according to Li and Liu [25].

2.4. Synthesis of rGO/ZnO Composite
Powder

GO powder was accurately weighed and dis-
persed in 100 mL deionized water to prepare
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Fig. 3. Schematic diagram of the rGO/ZnO photoanodes preparation process. GO, graphene oxide; rGO, reduced

graphene oxide

GO suspension at concentrations of 3.3 mg/mL,
9.8 mg/mL, 16.3 mg/mL, 22.8 mg/mL, and
29.3 mg/mL, respectively. After strong ultrasonic
treatment for 2 h, the stable GO suspension was
obtained. Then, the above GO suspension (1 mL)
and ZnO powder (1.3 g) were mixed, respectively,
with stirring for 60 min in a water bath at 35°C,
and then 30 puLL 80% hydrazine hydrate was added
and stirred for 48 h to reduce it. Finally, the mixed
suspension of GO and ZnO was filtered and cen-
trifuged several times until the pH value of the fil-
trate was equal to 7. Then the filter was dried in
vacuum at 80°C for 2 h, so rGO/ZnO composite
powder with 0%, 0.25%, 0.75%, 1.25%, 1.75%,
and 2.25% rGO were obtained, respectively. The
schematic diagram of rGO/ZnO composite powder
preparation process is shown in Figure 2.

2.5. Preparation of DSSCs
2.5.1.

For the preparation of ZnO film, precursor sol
(0.2 mol/mL) was prepared by a water bath with
zinc acetate, ammonia water, polyethylene glycol,
and anhydrous alcohol as raw materials, and then
precursor sol was coated on FTO glass by the
spin coating method. Subsequently, ZnO film was
obtained by further heat treatment at 500°C for
30 min.

Preparation of rGO/ZnO photoanodes

In the preparation of rGO/ZnO photoanodes, a
slurry was prepared by ball milling and rotary evap-
oration using rGO/ZnO composite powder, ethyl
cellulose (viscosity: 10 cp), ethyl cellulose (vis-
cosity: 46 cp), and terpineol as raw materials with
mass ratio of 1:0.22:0.28:4.05, and an appropriate
amount of anhydrous ethanol was added as solvent.
The slurry was coated by doctor blade method on
the FTO glass with ZnO film, and finally rGO/ZnO
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photoanodes were obtained by drying at 60°C for
60 min and heat treatment at 450°C for 30 min.
The schematic diagram of rGO/ZnO photoanodes
preparation process is shown in Figure 3.

2.5.2. Assembly of DSSCs

rGO/ZnO photoanodes were immersed into
N719 dye solution for dark sensitization for 2 h,
and then an appropriate amount of liquid elec-
trolyte was dropped between the photoanodes and
Pt CE. Finally, DSSCs with “sandwich” structure
were assembled using swallowtail clamp.

The solar cells assembled with the photoanodes,
which contained rGO with 0%, 0.25%, 0.75%,
1.25%, 1.75%, and 2.25%, were numbered as DO,
D1, D2, D3, D4, and D5, respectively.

2.6. Materials Characterization

Phase composition of the samples was analyzed
by using XRD (D8-Advance, Brucker, Karlsruhe,
Germany) with CuKa radiation (A = 0.15418
nm) and step scan mode (range: 5°-90° of 20,
step-time: 0.60 s, and step-size: 0.04°). The mi-
crostructure of the samples was characterized by
using SEM (JSM-6700F, JEOL, Tokyo, Japan) and
TEM (JEM-2010 HR, JEOL,Tokyo, Japan). Chem-
ical structure of the samples was detected by us-
ing FT-IR (Nicolet 5700, Massachusetts , Amer-
ica) between 400/cm and 4,000/cm wavenumber
with a resolution of 4/cm and Raman spectrom-
eter (in Via, Renishaw, Gloucestershire, England)
between 100/cm and 3,200/cm wavenumber with
a resolution of 1/cm. The specific surface area
of the samples was tested by using automatic
physical-chemical adsorption instrument (ASAP-
2020, Micromeritics, America) with high-purity ni-
trogen as adsorbent, and it was calculated by us-
ing BET (Brunauer-Emmett-Teller) method. Con-
ductivity of rGO was tested by using a digital
four-point probe tester (ST-2258A, Jingle, Suzhou,
China). Photoelectric conversion performance of
the solar cells was tested by using solar simu-
lated light source (SXDN-150, Nowdata Corpora-
tion, Tokyo, Japan) with light intensity of AM1.5
(100 mW/cm?) and the area of the solar cells was
0.16 cm?. The outer quantum efficiency of the solar
cells was tested by using a photon-electron conver-

sion tester (Solar Cell Scan100, ZOLIX, Beijing,
China), and testing wavelength range was from
300 nm to 800 nm. EIS of the solar cells was
tested by using electrochemical workstation (Zah-
ner Zennium, Kronach, Germany) with detection
frequency range from 10~! Hz to 10° Hz.

3. Results and Discussion

3.1.

Figure 4 shows XRD patterns of the samples
prepared by the improved Hummers method. It can
be seen from Figure 4 that there was an obvious
characteristic diffraction peak at 26 = 10°, which
is consistent with the characteristic diffraction peak
of GO according to Zhu et al. [2], indicating that
GO is successfully prepared by the improved Hum-
mers method.

Phase Analysis
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Fig. 4. XRD patterns of the samples prepared by the im-
proved Hummers method. GO, graphene oxide

According to Bragg equation 2dsin€ = nA, the
interlaminar spacing for GO, rGO, and graphite
is 0.81 nm, 0.41 nm, and 0.34 nm, respectively.
The increase of the interlaminar spacing of GO is
due to the insertion of a large number of oxygen-
containing functional groups into carbon layer dur-
ing oxidation process (see “3.2 Infrared and Raman
Spectra Analysis” section, and with regard to rGO,
due to the loss of the functional groups (see “3.2 In-
frared and Raman Spectra Analysis” section), the
interlayer spacing decreases, but it is still greater
than that of graphite. In addition, the characteristic
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diffraction peaks of GO tended to widen comparing
with the characteristic diffraction peaks of graphite.
This is due to covalent bonding between functional
groups and carbon atoms, resulting in the bend-
ing and folding of GO microstructure (as shown in
Figure 4), and causing order degree of GO lamel-
lar is lowered in the vertical direction than that of
graphite as reported by Zhu et al. [2].

Figure 5(A) shows XRD pattern of the sample
prepared by solution combustion method. It can be
seen from Figure 5(A) that these typically peaks
can be indexed to the crystal planes (100), (002),
(101), (102), (110), (103), (112), and (201) JCPDS
cards No: 36-1451, ZnO), respectively. And there
are no other impurity peaks in the pattern, indicat-
ing that the as-synthesized ZnO has high purity.
Besides, it can also be seen from the character-
istic peaks that the as-synthesized ZnO possesses
hexagonal structure.
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Fig. 5. XRD patterns (A) ZnO prepared by solu-
tion combustion method, (B) rGO/ZnO with
1.25% rGO prepared by the chemical reduction
method. rGO, reduced graphene oxide

Moreover, Figure 5(B) shows XRD pattern of
the composite powder prepared by the chemical re-
duction method. It may also be seen from the pat-
tern that there is a characteristic diffraction peak of
rGO at 28 = 24° according to Park et al. [26], and
this indicates that GO is reduced to rGO. Through
XRD analysis of the composite powder, it indicates
that rGO/ZnO composite powder is synthesized.

3.2. Infrared and Raman Spectra Analysis

Figure 6 shows FT-IR spectra of GO and
rGO/ZnO prepared by the improved Hummers
and the chemical reduction method, respectively.
It can be seen from FT-IR spectrum of GO that
there are many characteristic peaks of oxygen-
containing functional groups between GO layers,
among which absorption peak near 3,420/cm is
caused by stretching vibration of -OH group; an ob-
vious absorption peak can be found near 1,730/cm,
which is main deformation peak caused by stretch-
ing vibration of -COOH and C=0 groups at the
edge of GO layer; peak near 1,625/cm corre-
sponds to bending vibration of —OH group ad-
sorbed on water molecule, while absorption peak
near 1,220/cm is caused by stretching vibration of
C-0. Due to oxygen-containing functional groups
such as —OH, -COOH, C=0, and C-O, they can
enter into graphite interlayer during oxidation re-
action, and then destroyed the crystal structure
of graphite. As a result, the layered structure of
graphite was transformed into a separated lamel-
lar structure, so GO is formed as reported by Shuai
et al. [27] and Zaaba et al. [28]. Moreover, it can
be seen from FT-IR spectrum of rGO/ZnO that ab-
sorption peak of —OH groups disappear, and ab-
sorption peaks of -COOH, C=0, and C-O dis-
appear or decrease, and stretching vibration peak
of C=C (1,564/cm) appears. In addition, there are
many absorption peaks near 500/cm, which can be
attributed to the vibrational absorption of Zn—-O
bond in ZnO. These indicate rGO/ZnO composite
powder is synthesized by the chemical reduction
method. Moreover, other rGO/ZnO with different
contents of rGO have similar FT-IR spectra.

Raman spectra for GO and rGO are shown in
Figure 7. The observed peaks near 1,350/cm and
1,590/cm can be assigned to D (x-point phonons
breathing mode) and G (carbon atoms sp2 bonds)
bands, respectively. The ratio of the integral area
values of D and G peaks (Ip/Ig, i.e., degree of dis-
order) changes from 1.05 for GO to 1.11 for rGO,
which indicates an increase of defective sites by the
chemical reduction and conversion of GO to rGO.
However, there are still relatively low level of de-
fects in rGO.
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Fig. 6. FI-IR spectra of GO prepared the improved
Hummers, and rGO/ZnO with 1.25% rGO
prepared by chemical reduction method. GO,
graphene oxide; rGO, reduced graphene oxide
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Fig. 7. Raman spectra of GO and rGO prepared by
the improved Hummers and the chemical reduc-
tion methods, respectively. GO, graphene oxide;
rGO, reduced graphene oxide

3.3. Microstructure Analysis

SEM images of GO are shown in Figure 8. It
can be seen from Figure 8A that GO has a layered
structure, and there are a lot of folds on the sur-
face of the layers, so the as-synthesized GO has a
higher specific surface area of 650 m?/g. These in-
dicate that GO has lost surface characteristics of
graphite and changed from a flat and smooth sur-
face to a rough and stepped surface. Moreover, it

may be further seen from Figure 8(B) that there are
different distances between GO layers. This is due
to the strong oxidation of oxidant, hydroxyl, car-
bonyl, and other groups are introduced to the edge
and interlayer of GO. At the same time, surface en-
ergy of the layers is increased when graphite is ox-
idized to GO. To maintain the stability of the lay-
ered surface, a large number of folds are formed on
the surface. These indicate that the as-prepared GO
has good microstructure.

Fig. 8. SEM images of GO prepared by the improved
Hummers method: (A) low-magnification and
(B) high-magnification. GO, graphene oxide

Figure 9 shows TEM images and selected area
electron diffraction (SAED) of GO. It can be seen
from Figure 9A that the layered GO is stacked dis-
orderly and has good light transmittance near the
edge. Figure 9B shows that GO presents transpar-
ent characteristics. To decrease the surface energy,
the layered surface of GO is uneven and there are
a lot of folds, which is consistent with the SEM
analysis results. In addition, it can be seen from
the inset in Figure 9B that there is a series of halo
around the bright spot, which indicates that the as-
synthesized GO has a polycrystalline structure.

100.0m

————

Fig. 9. TEM images (A) and its SAED of GO (B) pre-
pared by the improved Hummers method. GO,
graphene oxide

Figure 10 shows SEM images of ZnO pow-
der, rGO, and the cross section of rtGO/ZnO pho-
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toanode. Figure 10A shows that the as-synthesized
ZnO shows short rods with particle size about
50 nm, and has good dispersibility, while Fig-
ure 10B shows that rGO has a typical layered struc-
ture, and the layered structure has a little agglom-
erate than that of GO. The rGO/ZnO photoanode
shows porous and high porosity (see Figure 10C),
and it can also be seen from Figure 10D that
rGO/ZnO porous layer consists of rod and flake
particles. The short rod particles is ZnO while the
lamellar with size about 100-200 nm is rGO. In
addition, it can be further seen from Figure 10D
that ZnO film is about 200 nm between 1GO/ZnO
layer and FTO glass, which may increase utiliza-
tion of incident light, and binding ability between
rGO/ZnO layer and FTO glass. The photoanode
with porous structure is beneficial to increasing
adsorption capacity of dye molecules. Moreover,
other photoanodes with adding different contents
of rGO have similar microstructure.

Fig. 10. (A) SEM images of the as-synthesized ZnO
by solution combustion, (B) rGO, (C) the
cross section of rGO/ZnO photoanode at low-
magnification, and (D) high-magnification.
Note: GO adding content 1.25%. rGO, re-
duced graphene oxide

3.4. Photoelectric Performance Analysis
of DSSCs

The J-V curves of the assembled solar cells with
rGO/ZnO photoanodes are shown in Figure 11, and

photoelectric performance parameters of the corre-
sponding solar cells are shown in Table 1. It can
be seen from Figure 11 and Table 1 that the effects
of the photoanodes by adding different contents of
rGO on the performance of the solar cells are very
remarkable. PCE of DO assembled by the photoan-
ode without rGO (the pure ZnO) is 5.20%, and J .,
Ve, and FF are 0.63V, 12.73 mA/cm?2, and 64.70%,
respectively. By increasing the content of adding
rGO in the photoanodes, PCE, J,., and FF values
of DSSCs increase initially and then decrease. The
V,. of the corresponding solar cells are maintained
between 0.63 V and 0.66 V. When adding content
of rGO in the photoanode at 1.25%, PCE of D3
reaches the maximum value of 6.27%, and J,., V.,
and FF are 0.66 V, 13.11 mA/cm?, and 72.71%, re-
spectively. With the further increase of rGO con-
tent in the photoanodes, PCE of the solar cells de-
creases gradually. For example, when adding con-
tent of rGO in the photoanodes is 2.25%, PCE of
D5 is decreased to 5.10%.
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Fig. 11. J-V curves of DSSCs assembled by rGO/ZnO
as the photoanodes by adding different con-
tents of rGO. DSSCs, dye-sensitized solar
cells; rGO, reduced graphene oxide

The reasons for the above experimental results
can be explained as follows: With pure ZnO as the
photoanode, the solar cell has a relatively high ef-
ficiency (5.20%). This is because ZnO has a small
crystal size (50 nm), relatively larger specific sur-
face area (24.83 m?/g), and perfect crystal struc-
ture, but the slow separation rate of electrons and
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holes, and low transmission rate of electrons from
ZnO conduction band to FTO glass lead to very
easy recombination of electrons and holes, and thus
PCE of the solar cell is lower than that of theo-
retical value as reported by Babar et al. [12] and
Dhamodharan et al. [13]. As the as-synthesized
rGO has excellent conductivity (5,530 S/m) and
larger specific surface area (450 m?/g), when rGO
is added to the photoanodes, it promotes separa-
tion of electrons and holes, decreases their recom-
bination as reported by Wu et al. [29], and in-
creases adsorption capacity of dye molecules (see
Figure 10C), so PCE of the solar cells is increased.
However, when adding content of rGO is too much,
the content of ZnO in the photoanodes is relatively
reduced. Subsequently, the number of electrons and
holes is reduced, which is excited by photoelectric
effect, and then PCE of the solar cells are lowered.

Table 1. Performance parameters of DSSCs assembled
by rGO/ZnO as the photoanodes by adding dif-
ferent contents of rGO

Samples Adding V,. Ji FF/% PCE
content /V /mA /%
Iwt.% /em?
DO 0 0.63 12.73 64.70 5.20
D1 0.25 0.63 1276 66.82 5.27
D2 0.75 0.65 12.83 6694 542
D3 1.25 0.66 13.11 7271 6.27
D4 1.75 0.63 11.79 69.92 5.51
D5 2.25 0.65 10.83 69.60 5.10

DSSCs, dye-sensitized solar cells; PCE, photoelectric
conversion efficiency; rGO, reduced graphene oxide.

Figure 12 shows the external quantum effi-
ciency (EQE) of DO, D1, D2, D3, D4, and D5. Fig-
ure 12 shows that with the increase of rGO content
in the photoanodes, the EQE of the solar cells have
a prominent enhancement trend in 400—700 nm.
When adding content of rGO in the photoanodes
is 1.25%, D3 has a maximum value of EQE. With
further increase of rGO content in the photoan-
odes, the EQE of the solar cells decreases gradu-
ally. This is due to rGO that can improve the ab-
sorption ability and utilization efficiency of DSSCs
for the light, which increases the number of pho-
togenerated electrons and electrons mobility as re-

ported by Riaza et al. [30] and Kumar et al. [31], so
PCE of the solar cells is increased.

EQE / (%)

500 600
Wavelength/(nm)

Fig. 12. EQE curves of DO, D1, D2, D3, D4, and DS5.
EQE, external quantum efficiency

Figure 13 shows Nyquist curves of DO, D1, D2,
D3, D4, and D5 under dark conditions. Figure 13
shows that there are two arcs in the high-frequency
region and the low-frequency region, in which the
high-frequency region represents the charge trans-
fer resistance (R.) at the interface between the
photoanodes and FTO glass, and the low-frequency
region represents the composite resistance (R,..) at
the interface of the photoanodes-dye-electrolyte. In
the high-frequency region, the charge transfer re-
sistance R.; of D3 is lower than those of the other
solar cells, while in the low-frequency region, the
composite resistance R, of D3 is higher than those
of the other solar cells, so D3 has the highest PEC.
These results indicate that an appropriate amount
of rGO added to the photoanodes can promote the
transport of electrons and holes between the pho-
toanodes and FTO glass, and reduces recombina-
tion of electrons and holes at the interface of the
photoanodes-dye-electrolyte according to Omar et
al. [32] and Quang et al. [33], and thus improves
the performance of the solar cells. This also con-
firms that rGO may increase PCE of the solar cells
from the electrochemical point of view.
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Fig. 13. Nyquist curves of DO, D1, D2, D3, D4, and D5
under dark conditions

4. Conclusions

GO is prepared by the improved Hummers
method with the reactive system temperature from
high, low to medium, and the whole reaction
process is very mild and controllable. Oxygen-
containing function groups, such as carboxyl, hy-
droxyl, and carbonyl groups, are attached between
the layers and the edges. The interlayer space
and specific surface area of GO are 0.81 nm
and 650 m?/g, respectively; and specific surface
area and conductivity of rGO are 450 m?/g and
5,530 S/m, respectively. For the as-synthesized
ZnO, specific surface area and particle size are
24.83 m?/g and 50 nm, respectively.

rGO/ZnO composite powders are synthesized
by chemical reduction method, and the photoan-
odes are prepared with rGO/ZnO composite pow-
der. As rGO has higher adsorption capacity and
excellent conductivity, it may effectively promote
separation of electrons and holes, transmission
ability of electrons and holes, and utilization of the
light, while the as-synthesized ZnO may increase
adsorption capacity of dye molecules, so PCE of
the solar cells is increased by means of synergis-
tic effects. When adding content of rGO at 1.25%,
D3 has an optimum photoelectric conversion per-
formance, and PCE, V,., J,., and FF are 6.27%,
0.66 V, 13.11 mA/cm?, and 72.71%, respectively.
PCE of D3 is increased by 20.6% higher than that
of DSSCs assembled with pure ZnO as the pho-
toanode.
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