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ABSTRACT: As potential third generation photovoltaic cells, dye-sensitized solar
cells (DSSCs) have attracted extensive research interests and have become one of
the hot topics in current research. In this work, a series of DSSCs based on TiO2
photoanodes modified by graphene oxide (GO) and nitrogen-reduced graphene
oxide (N-rGO) were fabricated. Results indicate that N-rGO is a better TiO2
photoanode modifier of DSSCs compared to GO. With an increase in the amount
of N-rGO, the open circuit voltage increases, while both the short circuit current
and power conversion efficiency (PCE) of the DSSCs exhibit a maximum at the
content of 0.2 wt % N-rGO. In particular, the maximum PCE of the DSSCs reaches
7.19% in this work, which gains a 13.23% enhancement compared to the PCE of
6.42% of conventional TiO2 DSSCs. The enhancement of the PCE of the DSSCs
with N-rGO was mainly attributed to the reduction in electron recombination and
the increase in electron transfer efficiency after incorporating N-rGO into TiO2
photoanodes.
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■ INTRODUCTION

Since the pioneering work on dye-sensitized solar cells
(DSSCs) was reported by Gratzel and O’Regan in 1991,1

DSSCs have attracted extensive research interests all over the
world. In past decades, the preparation methods and assembly
techniques of the DSSC have gained great breakthroughs.
Currently, the power conversion efficiency (PCE) record of the
DSSCs has reached 12.3%,2 which indicates that the DSSCs are
very likely to become third generation photovoltaic cells and
will definitely challenge the dominance of the silicon cells in
photovoltaic fields.
As the main component of DSSCs, photoanodes have been

widely studied and prepared often by coating a semiconductor
on conductive glass. The semiconductors act as not only a
carrier to adsorb dyes by their large surface area but also an
electron transformer owing to their unique nanostructures.
Semiconductors used in the DSSCs usually include TiO2, ZnO,
Nb2O5, SnO2,

3 and so on. Among these materials, TiO2 has
become the priority choice for its low cost, nontoxicity, and
excellent photochemical stability up to now.4 Recently, the
methods attempting to incorporate foreign elements into
conventional TiO2 photoanodes were widely adopted to modify
photoanodes, aiming at enlarging the light-harvesting, reducing
recombination and promoting electron transfer. Hu et al.5

optimized the DSSCs by designing TiO2 photoanodes with
three different layers including small pore size films, larger pore
size films, and light-scattering particles. Their results show that
DSSCs with optimized microstructures had better light-
scattering effects, gaining a higher PCE compared to conven-
tional DSSCs. In order to reduce the recombination between

electron and oxidized dye as well as I3
− in the electrolyte, Mane

et al.6 prepared a core−shell structure by using the layer-by-
layer deposition to coat a 30 nm ZnO layer on TiO2 film, in
which the ZnO layer acts as an energy barrier to block electron
transportation out of TiO2, thereby reducing the recombination
and leading to an increase in PCE from 3.31% to 4.51%.
Recently, Bai et al.7 reported a new type of photoanode
architecture to promote electron transfer. The photoanode was
prepared by in situ direct growth of ZnO nanowires within a
TiO2 nanoparticle film through a hydrothermal process, and the
results show that an optimal amount of ZnO embedded in
TiO2 can enhance the PCE remarkably from 6.65% to 8.44%.
Graphene is a two dimensional honeycomb-like nanocrystal

composed by sp2 hybridized carbons, and it shows a spectacular
conductivity at room temperature. The electron mobility
reaches 15,000 cm2 V−1 s−1,8 which is much faster than ZnO
(200−1000 cm2 V−1 s−1) and TiO2 (0.1−4 cm2 V−1 s−1).
Besides, graphene also exhibits the smallest resistance among all
the substances on earth.9 Recent researches show graphene
provides the opportunity to enhance photovoltaic and
electronic performance of the devices.10−21 Fang et al.22

incorporated graphene oxide (GO) into TiO2 photoanodes
and discovered that graphene can inhibit the charge
recombination and increase the short circuit current (Jsc) to
some extent, thus improving the PCE of the DSSCs. Recently,
Dai’s group23 prepared a nitrogen-doped reduced graphene
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oxide (N-rGO) foam for the counter electrode of DSSCs and
discovered that the PCE of the DSSCs with N-rGO as a
counter electrode material outperforms those with GO.
However, the effect of incorporation of N-rGO in photoanodes
on the PCE of DSSCs is rarely investigated. In this work, a
series of photoanodes incorporated with different amounts of
N-rGO were fabricated, and the PCEs of the corresponding
DSSCs were investigated. For comparison, the PCE of DSSCs
based on the photoanodes with different amounts of GO were
also explored.

■ EXPERIMENTAL SECTION
Preparation of TiO2 Slurry. The TiO2 slurry was prepared by a

hydrothermal method.24 First of all, 1.5 g of acetic acid was added into
8.5 g of tetrabutyl titanate and stirred about 20 min at room
temperature. Then, the mixture was poured into 50 mL of water as
quickly as possible with vigorously stirring for 1 h. After 1 mL of
concentrated nitric acid was added into the as-obtained white
precipitate, the solution became aqua transparent. The precursor was
heated to 80 °C within 40 min and peptized for 75 min. Then the
mixture was treated by hydrothermal techniques under 200 °C for 16
h. After the autoclave cooling to room temperature, the upper solution
was removed. Then, 0.6 mL of concentrated nitric acid and 30 mL of
ethanol were added into the autoclave. The solution was ultrasonicated
for 30 min, and the resulting solution was centrifuged and washed by
ethanol three times. Following this step, 10 g of 10 wt % ethyl cellulose
in ethanol solution, 8.1 g of terpineol, and another 30 mL of ethanol
were added. After ultrasonic dispersion for another 30 min, the
solution was concentrated with a rotary-evaporator. Finally, the slurry
obtained contains 18% TiO2, 9% ethyl cellulose, and 73% terpineol.
Preparation of GO and N-rGO. The GO was synthesized by a

modified Hummers method.25 Natural graphite (1 g, 50 mesh) was
added into a 250 mL round-bottomed flask with 108 mL of
concentrated sulfuric acid and 26 mL of concentrated phosphoric
acid. The flask was placed in an ice bath, and 3g of KMnO4 was slowly
added while the temperature was kept below 20 °C for 1.5 h. The
solution was then placed in an oil bath and heated at 35−40 °C for 1
h. Temperature was increased to 70 °C and kept for 30 min. Then, 10
mL of deionized water was added to the flask, where the temperature
was increased to 100 °C and kept at that temperature for 20 min. After
20 min, another 10 mL of deionized water was added. After 30 min, 50
mL of deionized water was added. Then, 100 mL of ice deionized
water was added to the resultant suspension, and this step diluted and
cooled the system. After 15 min, 10 mL of 30% H2O2 was added to the
flask under vigorous stirring. This suspension was stirred for 1 h at
room temperature. The suspension was centrifuged at low speed three
times (4500 rpm,15 min) and washed with a 5% HCl solution two
times and then centrifuged at high speed three times (12,000 rpm, 60
m in) with distilled water (first step is to add 0.1 g of NH4Cl).

N-rGO was synthesized by solvothermal reduction.26 A total of 10
mL of 0.2 mg/mL GO aqueous solution was dispersed for 30 min.
Then, 2 mL of concentrated ammonia was added. After dispersion for
another 30 min, the solution was transferred to a Teflon-lined
autoclave and heated at 120 °C for 6 h.

Fabrication of DSSC. GO and N-rGO were added into terpineol
to obtain 1 mL/mg solution. Then, the solution was dispersed for 30
min. In order to prepare different photoanodes, different amounts
(0.05, 0.1, 0.15, and 0.2 mL) of GO and N-rGO dispersion were added
in the mortar to mix with pure TiO2 slurry to obtain 0.2, 0.4, 0.6, and
0.8 wt % GO and 0.2, 0.4, 0.6, and 0.8 wt % N-rGO incorporated
slurries. Fluorine-doped tin oxide (FTO) conductive glass (NSG, 15Ω
cm−2) was cleaned with detergent, dilute HCl aqueous solution, and
deionized water in an ultrasonic cleaner. Then, the slurries were made
into films on FTO by a doctor-blade method. After being dried, the
films were annealed at 450 °C for 60 min in air. The resulting
electrode was immersed into a N3 ethanol solution for 24 h to form
the sensitized photoanode. The counter electrode was Pt-coated film
by thermal decomposition of platinochloric acid. The photoanodes
and counter electrodes were assembled into sandwich-like cells with
electrolytes composed of 0.05 M LiI, 0.05 M I2, and 0.5 M tert-
butylpyridine in solvent of acetonitrile.

Characterization of Different GO and N-rGO Incorporated
Photoanodes. The current density−voltage (J−V) characteristics of
DSSCs were measured under AM 1.5 simulated illumination (CHF-
XM500, TRUSTTECH, Beijing) with a power density of 100 mW/
cm2 at an active area of 0.3 cm2. Electrochemical impedance spectra
(EIS) was conducted on CHI760E (CHINSTR, Shanghai) with a
frequency range from 100 kHz to 0.1 Hz in the condition of open
circuit under 100 mW/cm2 irradiation. XPS measurements were
performed using an ESCALAB 250 instrument (THERMO
SCIENTIFIC, China) with Al Kα radiation. Powder X-ray diffraction
measurements (PXRD) were performed by a D/MAX 2000 X-ray
diffactometer (RIGAKU, Japan) with a Cu Kα line (λ = 1.54178 Å) as
the incident beam. Scanning electron microscopy images were
obtained on a S4700 SEM instrument (HITACHI, Japan). Trans-
mission electron microscopy images were obtained on a JEM-3010
high-resolution TEM instrument (HITACHI, Japan). UV−visible
absorption spectra were recorded on a UV−vis spectrometer (TU-
1901, PERSEE, Beijing).

■ RESULTS AND DISCUSSION

Figure 1 shows the PXRD patterns of TiO2, GO, and N-rGO. It
is observed from Figure 1a that the peaks from the TiO2
synthesized by the hydrothermal method are in excellent
agreement with the standard anatase TiO2. The anatase
characteristic peak (1 0 1) was quite obvious, while no rutile
characteristic peak (1 1 0) appears. As is well known, anatase
has a wider band gap and higher energy level that makes
anatase a better choice for DSSCs rather than rutile.27

Figure 1. XRD patterns of (a) anatase TiO2 and (b) GO and N-rGO.

ACS Sustainable Chemistry & Engineering Research Article

dx.doi.org/10.1021/sc5000732 | ACS Sustainable Chem. Eng. 2014, 2, 1234−12401235



According to the PXRD pattern, we used the Scherrer equation
to predict that the average particle diameter was 21.65 nm,
which is in good agreement with the one from the SEM images.
Figure 1b shows that GO only had a very sharp peak at about
9°, which indicated that graphite (characteristic peak at about
26°) had been successfully oxidized to GO, and after reduction,
the sample had a wide peak around 26°. The shift of peak
suggested that GO had been partly reduced to N-rGO, and N-
rGO had smaller interlayer spacing because of partly removing
the oxygen-containing groups according to the Bragg eq 2d =
sin θ.
Figure 2a shows the TEM images of the TiO2 film

incorporated with N-rGO, which revealed that N-rGO was
incorporated into the TiO2 film and mixed with a large number
of TiO2 nanoparticles. No apparent aggregation was observed
on the TEM image, which indicated that the TiO2 nano-
particles could disperse uniformly on or between the N-rGO.
The magnified TEM image (Figure 2b) displays the well-
defined lattice fingers of TiO2 nanoparticles, corresponding to
the (1 0 1) plane of anatase TiO2. The XPS spectra of the
photoanodes with and without N-rGO are shown in Figure 2c,
in which one N 1s peak appears in the N-rGO-incorporated
photoanode. Furthermore, the C 1s peak in the N-rGO-
incorporated photoanode becomes stronger than that in the
pure TiO2 photoanode. That is to say, the XPS spectra further
confirmed that the N-rGO was successfully introduced into the
photoanodes. As shown in the high resolution spectra of N 1s
in Figure 2d, it can be deconvoluted into three subpeaks:
pyridinic nitrogen (398.2 eV), pyrrolic nitrogen (399.5 eV),
and graphitic nitrogen (400.8 eV).

The effects of incorporation of GO and N-rGO on the
photocurrent, voltage, fill factor, and PCE of the TiO2-based
DSSCs were evaluated and are listed in Tables 1 and 2. The

measured J−V curves are shown in Figure 3a and b. It is
observed from Tables 1 and 2 that when the content of GO or
N-rGO is 0.05 mg, the PCE of DSSCs increases to the
maximum value. In addition, our results show that when the
same content of GO or N-rGO was incorporated into the
photoanodes, N-rGO incorporation exhibits a better enhance-
ment of PCE compared to GO incorporation. The correspond-
ing PCEs of the DSSCs incorporated with 0.05 mg of N-rGO

Figure 2. (a) TEM images of N-rGO incorporated TiO2. (b) Magnified TEM images. (c) XPS spectra of the photoanodes with and without N-rGO.
(d) High-resolution N 1s spectra of the N-rGO-TiO2 photoanode. It (black) can be deconvoluted into three subpeaks: pyridinic nitrogen (398.2 eV;
blue), pyrrolic nitrogen (399.5 eV; red), and graphitic nitrogen (400.8 eV; yellow). The cyan line refers to the fitted result.

Table 1. J−V Parameters of Different Amounts of GO Added

additions Voc (V) Jsc (mA/cm2) FF (%) PCE (%)

TiO2 0.693 17.10 54.18 6.40
0.2 wt % (0.05 mg) GO 0.723 17.32 54.02 6.77
0.4 wt % (0.10 mg) GO 0.727 17.11 53.21 6.62
0.6 wt % (0.15 mg) GO 0.734 16.61 53.08 6.48
0.8 wt % (0.20 mg) GO 0.739 16.01 51.25 6.05

Table 2. J−V Parameters of Different Amounts of N-rGO
Added

additions Voc (V)
Jsc

(mA/cm2) FF (%) PCE (%)

TiO2 0.695 17.19 53.14 6.35
0.2 wt % (0.05 mg) N-rGO 0.722 18.74 53.08 7.19
0.4 wt % (0.10 mg) N-rGO 0.739 18.42 52.64 6.94
0.6 wt % (0.15 mg) N-rGO 0.743 17.24 53.44 6.85
0.8 wt % (0.20 mg) N-rGO 0.748 16.11 51.04 6.12
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and GO are 7.19% and 6.77%, respectively, which increased by
13.23% and 5.78%, respectively, compared to pure TiO2

DSSCs.
It should be noted that the PCE of DSSCs is affected

significantly by the open circuit voltage (Voc) and the short
circuit current (Jsc). According to previous reports,28,29 Jsc
would be affected by the electron transfer efficiency, light
scattering, and the dye absorption, while the Voc would be
mainly associated with the difference between the Fermi Level
in the semiconductor and the Nernst potential of the redox
couple. As shown in the inset of Figure 3a and b, Voc increases
with the content of GO and N-rGO. Ohsaki’s research
indicated that the lifetime of electrons in nanotubes is three
times longer than in nanoparticles.30 Because the graphene has
a similar structure with the nanotubes, it can be inferred that

the lifetime of electrons in graphene would also be longer than
that in nanoparticles. Moreover, the electron mobility rates in
the GO and N-rGO structure are extremely high. Therefore,
the incorporation of GO and N-rGO could reduce the electron
recombination to some extent, which was also proved by the
EIS results. There are three semicircles in the EIS spectra
theoretically. The high-frequency semicircle is attributed to the
charge transfer at the counter electrode, while the response in
the intermediate frequency region is associated with the
electron transport in the TiO2 film and the back reaction at
the TiO2/electrolyte interface. The low-frequency region
reflects the electron diffusion in the electrolyte.31 Obviously,
it can be found from Figure 3c and d that the diameter of the
second semicircle became bigger with the increase in content of
GO and N-rGO. It indicates that the resistance of the electron

Figure 3. J−V curves of DSSCs with different electrodes: (a) with N-rGO and (b) with GO. EIS measurement of DSSCs with different electrodes:
(c) with N-rGO and (b) with GO.

Figure 4. (a) Illustrations of the photoanode with N-rGO. (b) Electron transfer in the photoanode with N-rGO.
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transfer at the TiO2/dye/electrolyte interfaces becomes larger,
meaning less electron recombination. Moreover, less recombi-
nation definitely means more electron density, and it would
cause a slight shift of the Fermi level,32 leading to an increase in
Voc.
Unlike Voc, the Jsc is influenced by the electron transfer

efficiency, light scattering, and dye adsorption simultaneously.
It is shown in Figure 3a and b that Jsc first increases to the
maximum value and then decreases. This observation can be
explained by the synergistic effects of three factors on Jsc. First,
the remarkable electrical transport property and well-defined
2D structures of GO or N-rGO indicate that they are good
electron conductors, which is beneficial to capture and
transport electrons generated from TiO2 irradiated by light to
the GO or N-rGo network (Figure 4).17,33 That is to say, the
GO or N-rGO would act as a bridge to speed up electron
transportation to electron collector (Figure 4b), leading to a
decrease in the preferable electron−hole recombination in the
pristine TiO2 photoanode.33 Therefore, incorporation of GO
and N-rGO would increase the electron transfer efficiency in
the TiO2 nanostructure. Second, with an increase in GO and N-
rGO, the porosity of the nanostructure would increase
gradually, as observed from the SEM image in Figure 5.
However, the optimal porosity for the photoanode was
considered to be between 50% and 60%.34 Too many pores

would destruct the compact structure of the film and even lead
to a crack in the surface of the film. It can be proven by a dye
adsorption measurement that the overfull increased porosity is
fatal to the DSSCs. Figure 5f shows the UV−vis absorption
spectra of the dye desorbed from photoanodes with different
amounts of N-rGO. Clearly, the incorporation of GO and N-
rGO leads to a decrease in dye adsorption, which is a
disadvantage for DSSCs. Third, the 2D N-rGO can serve as
light-scattering centers to form more porous structures,35 which
would be advantageous for light harvesting. On the basis of the
above analysis, the synergistic effects of the three factors
(electron transfer efficiency, light scattering, and dye
adsorption) on Jsc lead us to conclude that Jsc exists as a
maximum value.
It was quite obvious that N-rGO incorporation exhibits a

better enhancement for the PCE of DSSCs compared to GO
under the same additions. Figure 6 shows the changing trends
of Voc and Jsc caused by different contents of GO and N-rGO
incorporated. Apparently, the Voc and Jsc yielded by N-rGO
incorporation are always greater than those by GO incorpo-
ration, which further confirms the above analysis. This
phenomenon can be explained by the doping of nitrogen.
Compared to GO, N-rGO is better in improving the PCE of
DSSCs as the photoanode modifier. This can be easily
explained as follows. When the carbon atoms within the

Figure 5. SEM images of photoanode films with different amounts of N-rGO: (a) 0 mg, (b) 0.05 mg, (c) 0.1 mg, (d) 0.15 mg, and (e) 0.2 mg. (f)
Absorption spectra of the dye desorbed from above five films with an area of 2.0 cm2 in 0.1 M NaOH solution (1:1 ethanol and deionized water).

Figure 6. Trends of (a) Voc and (b) Jsc with different contents of N-rGO and GO.
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graphene layers are substituted by nitrogen atoms in the form
of graphitic nitrogen (a n-type element), the conductivity of N-
rGO would increase remarkably,36 and the excited elections are
therefore transferred faster in the delocalized π structure in N-
rGO-modified photoanodes than in GO-modified photoanodes.

■ CONCLUSIONS
We have investigated the effects of GO and N-rGO
incorporations in TiO2 on the PCE of the DSSCs. Results
indicate that N-rGO is a better TiO2 photoanode modifier of
DSSCs compared to GO. With an increase in the N-rGO
addition, the Voc of the DSSCs increases because the
incorporation of N-rGO can reduce the electron recombina-
tion, while the Jsc shows a maximum at the content of 0.2 wt %
N-rGO owing to the synergistic effects of the electron transfer
efficiency, light scattering, and dye adsorption after incorporat-
ing N-rGO. As a result, the PCE of the DSSCs also shows the
same tendency as the short circuit current. In particular, the
PCE of the DSSCs with 0.2 wt % N-rGO reaches 7.19%, which
gains a 13.23% enhancement compared to the PCE of 6.42% of
conventional TiO2 DSSCs.
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