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ABSTRACT: We report on reduced graphene oxide (rGO)/
mesoporous (mp)-TiO2 nanocomposite based mesostructured
perovskite solar cells that show an improved electron transport
property owing to the reduced interfacial resistance. The
amount of rGO added to the TiO2 nanoparticles electron
transport layer was optimized, and their impacts on film
resistivity, electron diffusion, recombination time, and photo-
voltaic performance were investigated. The rGO/mp-TiO2
nanocomposite film reduces interfacial resistance when
compared to the mp-TiO2 film, and hence, it improves charge
collection efficiency. This effect significantly increases the short
circuit current density and open circuit voltage. The rGO/mp-
TiO2 nanocomposite film with an optimal rGO content of 0.4 vol % shows 18% higher photon conversion efficiency compared
with the TiO2 nanoparticles based perovskite solar cells.
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1. INTRODUCTION
Organo lead halide perovskite solar cells have attracted
significant research attention because of their exciting improve-
ment in performance to a power conversion efficiency (PCE)
of 20.2% in recent years.1 Such rapid renewal of the world
record PCE is largely attributed to the unique properties of the
perovskite material: high light absorption coefficient (>104

cm−1),2,3 long charge diffusion length (>1 μm),4 high charge
carrier mobility (25 cm2/(V s)),5 and suitable and adjustable
band gap.6

Currently, two types of architectures for perovskite solar cells
have been adopted. One is a mesostructured solar cell with a
mesoporous (mp) electron transport layer (ETL) composed of
semiconducting metal oxides (TiO2, ZnO2, and so on). The
other is a p−i−n or p−n junction planar structured solar cell
without the mp-ETL.7 In particular, for the mesostructured
cells, solution-processed CH3NH3PbI3 (MALI) exhibits elec-
tron and hole diffusion lengths of approximately 130 and 100
nm, respectively.4,8 Edri et al. recently demonstrated that the
hole diffusion length is longer than the electron diffusion length
in TiO2 based ETL through the use of the electron beam
induced current (EBIC) imaging method.9 For the mp-ETL,
TiO2 nanoparticles are typically employed. However, charge

recombination in the mp-TiO2 based ETL is still one of the
critical factors that hinder electron transport owing to grain
boundary scattering. This limits further improvement in energy
conversion efficiency. Therefore, improving charge transport
has gained considerable interest. For the mesostructured cells, a
number of efforts have been made to facilitate charge transport
by employing modified TiO2 or new nanomaterials, such as
aliovalent substitutions of Y3+, Al3+, or Nb5+ into TiO2

10−12 or
branched anatase TiO2 nanowires (ATNWs), TiO2 nanorods
(NRs), or ZnO NRs.13−15

On the other hand, graphene (GR) has a remarkably high
electron mobility with a Fermi velocity of 106 ms−1, good
stability, and high transparency at room temperature, making it
a suitable substitute to improve the overall conversion efficiency
of energy devices such as batteries, supercapacitors, and
photoelectrochemical cells.16−19 In particular, reduced gra-
phene oxide (rGO) has been widely employed to improve the
device performances for biosensors,20,21 memories,22,23 tran-
sistors,24 and solar cells.25−29 Several studies have already
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demonstrated that rGO (or GR)-semiconductor nanocompo-
sites were an effective additive for boosting the charge
collection properties in dye-sensitized solar cells (DSSCs),
photocatalysis in which the rGO (or GR) provides a direct
pathway for charge transport, and collection in the rGO-TiO2
(or GR) nanocomposite.25−27,30−33 More recently, Wang et al.
reported that a rGO-TiO2 composite based blocking layer can
reduce the energy barrier and series resistance between TiO2
and fluorine-doped SnO2 (FTO) in planar structured solar
cells.34

Herein, we demonstrate a performance improvement of the
mesostructured perovskite solar cell by employing rGO/mp-
TiO2 nanocomposite as the ETL. The influence of the rGO and
its concentration on the photovoltaic performance of perovskite
solar cells was systematically investigated by electrochemical
impedance spectroscopy and transient measurements. We show
that the rGO/mp-TiO2 nanocomposite, compared to the mp-
TiO2 nanoparticles, reduces interfacial resistance and thus
improves charge collection efficiency. Consequently, the rGO/
mp-TiO2 nanocomposite for the mesostructured perovskite
solar cells exhibited an optimal PCE of 14.5%.

2. EXPERIMENTAL SECTION
Preparation of the rGO-TiO2 Nanocomposite. In a typical

procedure, the rGO was synthesized by a modified Hummers’
method.35 In brief, graphite powder (2 g) was mixed with sulfuric
acid (67 mL) and sodium nitrate (1.52 g). Next, potassium
permanganate (9 g) was slowly added to the mixture in an ice bath.
After 5 days of stirring, the brown mixture was washed 10 times with
5% sulfuric acid solution and water, and then it was centrifuged. rGO
was prepared by the addition of hydrazine to the graphene oxide
solution. This solution was stirred in an oil bath at 90 °C for 4 h. After
it turned black, the dispersion was filtered by vacuum filtration and
dried under reduced pressure overnight (Supporting Information (SI)
Figures S1 and S2).
For the preparation of the rGO-TiO2 slurry, we have prepared rGO-

ethanol solution first and then it was added into a separately prepared
TiO2 slurry (0.225 g/mL) with various vol % (0, 0.12, 0.22, and 0.56
mg with 0, 0.2, 0.4, and 1.0 vol %, respectively) to minimize
aggregation.
Fabrication of the Perovskite Solar Cells. The TiO2 blocking

layers (b-TiO2) were prepared by sequentially spin coating and drying
(120 °C for 10 min) 0.15 and 0.3 M titanium diisopropoxide
bis(acetylacetonate) (75 wt % in isopropanol, Sigma-Aldrich)
solutions in 1-butanol (99.8%, Sigma-Aldrich), respectively. This was
followed by annealing at 500 °C for 30 min. The b-TiO2/ FTO
substrate was immersed in 0.05 M aqueous TiCl4 solution at 70 °C for
30 min. Then, the substrate was rinsed with deionized (DI) water,
dried by nitrogen blowing, and annealed at 500 °C for 15 min. The
rGO/mp-TiO2 nanocomposite film was then spin coated onto the b-
TiO2/FTO substrate using prepared slurries and annealed at 450 °C in
air for 45 min. There was no notable change in the film morphology

and porosity (Supporting Information Figure S3). The perovskite layer
was coated onto the prepared rGO/mp-TiO2 nanocomposite/b-TiO2/
FTO substrate by a sequential deposition of PbI2 (1.0 M, in
dimethylformamide) and CH3NH3I (10 mg mL−1 MAI, in 2-
propanol).36 MAI was synthesized by a reported procedure.37 Next,
20 μL of hole transport material (HTM) was deposited by spin
coating at 4000 rpm for 40 s. The HTM solution was prepared by
mixing 72 mg mL−1 spiro-MeOTAD, 17.6 μL of tert-butylpyridine, and
28.8 μL of bis(trifluoromethane) sulfonamide lithium salt (Li-TFSI)
solution (180 mg in 0.5 mL acetonitrile) in 1 mL cof hlorobenzene.
Finally, 80 nm thick silver electrodes were deposited using thermal
evaporation.

Measurements and Characterization. The surface morpholo-
gies were investigated using field emission scanning electron
microscopy (FESEM, JEOL, JSM-7600F). Crystal structures were
analyzed using micro-Raman spectroscopy (WITec alpha 300M).
Work functions of rGO were analyzed and determined using
ultraviolet photoemission spectroscopy (UPS, Thermo Fisher
Scientific Co., theta probe base system). The resistivity of the films
were measured by Hall measurement (Ecopia, HMS-3300) at room
temperature. The transmittance of the rGO/mp-TiO2 nanocomposite
films and the absorbance and reflectance of the perovskite/rGO/mp-
TiO2 nanocomposite films were measured by means of ultraviolet
visible (UV/vis) spectroscopy (PerkinElmer, Lamda 35). The
photovoltaic performances of the cells were measured using a
potentiostat (CHI660, CHI instrument) under AM 1.5 conditions as
simulated by a solar simulator (Oriel Sol 3A class AAA, Newport). The
J−V curves were measured at 0.05 V s−1 scan rate with an active area
of 0.14 cm2. The time constant for the photogenerated electron
recombination (τR) was measured using a transient photocurrent−
voltage spectroscopy setup, which is described elsewhere.38 The
incident photon to current conversion efficiency (IPCE) was measured
using an IPCE measurement system (PV Measurements).

3. RESULTS AND DISCUSSION

Figure 1a shows a cross-sectional SEM image of a rGO (0.4 vol
%)/mp-TiO2 nanocomposite based perovskite solar cell in
which a blocking TiO2 layers (b-TiO2) and rGO/mp-TiO2
nanocomposite film are approximately 50 and 480 nm thick,
respectively. The presence of the rGO in the rGO (0.4 vol
%)/mp-TiO2 nanocomposite film was determined by Raman
spectroscopy analysis (Figure 1b). The Raman peaks located at
143 (Eg), 199 (Eg), 396 (B1g), 514 (A1g), and 636 cm

−1 (Eg) are
attributed to the anatase TiO2 phase.39 The Raman peaks of
rGO located at 1350 cm−1 (D band) and 1580 cm−1 (G band)
confirm the existence of rGO in the rGO-TiO2 nano-
composites. The G band is related to the optical E2g phonons
of sp2 carbon atoms, and the D band corresponds to the
breathing mode of the sp2 atoms in rings. The D band is also a
sign of local defects and disorder.40 The Raman intensity ratio
(ID/IG) slightly increases from 1.06 (pure rGO) to 1.16 after
the annealing with TiO2 NPs at 500 °C, indicating the rGO/

Figure 1. (a) Cross-sectional field emission scanning electron microscopy (FESEM) of 0.4 vol % rGO/mp-TiO2 nanocomposite based perovskite
solar cell; (b) Raman characterization of rGO/mp-TiO2 nanocomposite films after 450 °C annealing.
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mp-TiO2 nanocomposite has a slightly higher amount of
defects due to conversion of sp2 to sp3.
The resistivity of the rGO/mp-TiO2 nanocomposite film was

measured by Hall measurement, for which TiO2 nanoparticles
(NPs) and rGO/mp-TiO2 nanocomposite films with an average
thickness of 400 nm were deposited on a glass substrate. The
results are summarized in Table 1. The TiO2 NPs film (0 vol %
rGO) shows a resistivity of 3.03 × 105 Ω·cm, which is
comparable with a previous report.41 In the case of rGO/mp-
TiO2 nanocomposite films, the resistivity is reduced to 2.58 ×
105 Ω·cm at 0.4 vol % rGO, and it is further reduced to 4.94 ×
104 Ω·cm at 1.0 vol % rGO. The decrease in the resistivity of
the rGO/mp-TiO2 nanocomposites is attributed to the high
conductivity (mobility) of the rGO that reduces the interfacial
resistance between TiO2 NPs.

25,34

Figure 2 compares the representative J−V curves of the mp-
TiO2 NPs and rGO/mp-TiO2 nanocomposites based perov-

skite solar cells. The photovoltaic characteristic values for each
cell are summarized in Table 2, and the average values, such as

short circuit current density (Jsc), open circuit voltage (Voc), fill
factor (ff), and power conversion efficiency (PCE), are plotted
in Supporting Information Figure S4 (standard deviation of
measurements from each of the 16 devices). With the addition
of the rGO in the mp-TiO2, the Jsc increased from Jsc ∼ 19.6
mA/cm2 to Jsc ∼ 21.0 mA/cm2 in the 0.4 vol % rGO/mp-TiO2
nanocomposite. The Voc and ff also increased from 0.86 to 0.91
V and from 66.8 to 70.8% in the 0.4 vol % rGO/mp-TiO2
nanocomposite, respectively. As the rGO content further

increased to 1.0 vol %, the PCE and Jsc decreased to 11.7%
and 19.3 mA/cm2, respectively.
In order to understand the decreased photovoltaic perform-

ance at the higher content of rGO, we measured the optical
transmittance of the rGO/mp-TiO2 nanocomposite films as a
function of rGO contents (SI Figure S5). Especially for the 1.0
vol % rGO content, the decrease of the transmittance was
around 9% compared to that of the mp-TiO2 only sample. It is
widely recognized that rGO can absorb light in the wavelength
range of 200−800 nm. Therefore, at the higher amount of the
rGO in the rGO/mp-TiO2, the light absorption by the
perovskite absorber reduced, which decreased the photocurrent
density from 21.0 mA/cm2 (for 0.4 vol % rGO) to 19.3 mA/
cm2 (1.0 vol % rGO).(SI Figure S6). Therefore, it is believed
that the higher amount of the rGO in rGO/mp-TiO2
nanocomposite reduces the light harvesting efficiency of the
perovskite absorber, which decreases the photocurrent density
and solar cell efficiency. Consequently, the maximal photon
conversion efficiency (PCE) of the rGO/mp-TiO2 nano-
composite films was approximately 18% higher than the mp-
TiO2 NPs based perovskite solar cells with the optimal rGO
content at 0.4 vol %.
Figure 3a compares the IPCEs of the mp-TiO2 NPs and

rGO/mp-TiO2 nanocomposite based perovskite solar cells. The
rGO/mp-TiO2 nanocomposite shows higher IPCEs than the
mp-TiO2 NPs in the visible light region. The integrated Jsc
obtained from the IPCE spectra for the mp-TiO2 and (0.4 vol
%) rGO/mp-TiO2 nanocomposite based perovskite solar cells
were 18.8 and 19.9 mA/cm2 with maximum IPCEs of 82.99%
(at 480 nm) and 88.02% (at 500 nm), respectively. In order to
understand these differences in photovoltaic properties, light
harvesting efficiency (LHE) and absorbed photon to current
conversion efficiency (APCE) were measured and compared.
Figure 3b shows the LHE of the mp-TiO2 and rGO(0.4 vol
%)/mp-TiO2 nanocomposites based perovskite solar cells
obtained from the relation LHE = (1 − R)(1 − 10−A),42

where R is the reflectance and A is the absorbance. Even though
the rGO/mp-TiO2 nanocomposite based perovskite solar cell
shows slightly lower LHE than the mp-TiO2 based perovskite
solar cell at the longer wavelength, the integrated light
absorption values (∼84%) in both the mp-TiO2 and (0.4 vol
%)rGO/mp-TiO2 perovskite solar cells are comparable. The
lower LHE of the rGO/mp-TiO2 nanocomposite is ascribed to
the slightly decreased transmittance due to partial absorption
by the rGO (Supporting Information Figure S5). More
importantly, APCEs (=IPCE/LHE) of the rGO/mp-TiO2
nanocomposite based perovskite solar cells were ∼7% higher
than that of the mp-TiO2 based perovskite solar cells
throughout the entire wavelength region. This indicates an
improved electron collection property of the rGO/mp-TiO2
nanocomposite.
The improved charge collection property of the rGO/mp-

TiO2 nanocomposite based perovskite solar cell was further
examined using electrochemical impedance spectroscopy (EIS)

Table 1. Resistivity Values of rGO/mp-TiO2 Nanocomposite Films

thickness resistivity (Ω·cm)

TiO2 NP film 400 ± 10 nm (3.03 ± 0.005) × 105

(0.2 vol %) rGO/mp-TiO2 film 2.88 ± 0.007 × 105

(0.4 vol %) rGO/mp-TiO2 film 2.58 ± 0.006 × 105

(1.0 vol %) rGO/mp-TiO2 film 4.94 ± 0.004 × 104

only rGO film 20 ± 0.7 μm 1.39 ± 0.032 × 10−1

Figure 2. J−V curve of rGO/mp-TiO2 nanocomposite based
perovskite solar cell with varying rGO contents (0.2 vol %, 0.4 vol
%, and 1.0 vol %). The mp-TiO2 NPs based perovskite solar cell is
presented as a black line for comparison.

Table 2. J−V Characteristics of rGO/mp-TiO2
Nanocomposite Based Perovskite Solar Cells with Varying
rGO Contents (0.2, 0.4, and 1.0 vol %)

Jsc (mA/cm
2) Voc (mV) FF (%) η (%)

TiO2 NP 19.6 0.86 66.8 11.5
(0.2 vol %) rGO/mp-TiO2 20.9 0.91 68.5 13.0
(0.4 vol %) rGO/mp-TiO2 21.0 0.91 70.8 13.5
(1.0 vol %) rGO/mp-TiO2 19.3 0.89 67.4 11.7
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in the frequency range of 1−106 Hz at an open circuit voltage
under 1 sun illumination (Supporting Information Figure S7).
As already shown in Table 1, the rGO/mp-TiO2 nano-
composite films show a smaller resistivity compared with that
of the mp-TiO2 NPs. Basically, there are two RC arcs elements
representing charge transfer resistance and recombination at
TiO2/perovskite, TiO2/TiO2, and rGO/TiO2 interface. The
charge transfer resistance of a rGO/mp-TiO2 nanocomposite
based perovskite solar cell exhibits less recombination than mp-
TiO2 NPs at high frequency (inset of SI Figure S7). Moreover,
recombination of rGO/mpTiO2 nanocomposite based perov-
skite solar cell at low frequency shows a smaller resistivity
compared with that of the mp-TiO2 NPs. Therefore, these
results indicate that the rGO/mp-TiO2 nanocomposite based
perovskite solar cell possesses improved charge collection
properties, i.e., enhanced electron transport and reduced charge
recombination, versus the mp-TiO2 NPs based perovskite solar
cell.
Finally, to demonstrate the improved charge collection

behavior of the rGO/mp-TiO2 nanocomposite based perov-
skite solar cells, transient photocurrents and voltages were
measured as a function of photocurrent and photovoltage,
respectively. Figure 4 shows the electron diffusion coefficients
(Dn) and time constants for electron recombination (τR)
obtained from the transient measurements. In comparison with
the mp-TiO2 NPs based perovskite solar cell, the rGO/mp-

TiO2 nanocomposite based perovskite solar cell shows
approximately twice faster Dn. Furthermore, the time constant
of the electron recombination in the rGO/mp-TiO2 composite
based cell perovskite solar cell is slightly longer than that in the
mp-TiO2 NPs based perovskite solar cell. These two results
support that the rGO/mp-TiO2 nanocomposite possesses
superior charge collection properties, i.e., larger Dn and larger
τR, for the perovskite solar cells, and it is attributed to the high
electron mobility of the rGO.34 Supporting Information Figure
S8 shows an ultraviolet photoelectron spectroscopy (UPS)
spectrum of the synthesized rGO, where the energy is
calibrated with respect to He I photon energy (21.21 eV).
The work function was estimated to be −4.40 eV below
vacuum level, which is consistent with the previous reports.43

To clearly show the charge transfer pathway, the energy band
diagram of FTO, TiO2, rGO, perovskite, and HTM was drawn
on the basis of their band gaps and the conduction band edges:
TiO2 (−4.0 eV), perovskite (−3.93 eV), the HOMO level of
HTM (spiro-OMeTAD, −5.22 eV), and the work function of
rGO (−4.4 eV) (Figure 5). Due to the lower energy level of
rGO compared to the conduction band of TiO2, the
photoexcited electrons from TiO2 and perovskite can be
transferred to the rGO. Therefore, the rGO/mp-TiO2 nano-
composite based perovskite solar cells should provide enhanced
charge transport and collection properties. Finally, a best
performing rGO/mp-TiO2 nanocomposite perovskite solar cell
is prepared by further controlling film thickness and dispersion
of rGO (2-propanol). As shown in Supporting Information
Figure S9, the rGO/mp-TiO2 nanocomposite based perovskite
cell achieved Jsc, Voc, ff, and PCE values of 22.0 mA/cm2, 0.93
V, 70.7%, and 14.5%, respectively. Even though the PCE value
is not outstanding compared to the previously reported best
values,1 we believe that further modification of the rGO/mp-
TiO2 nanocomposite based ETL with techniques such as

Figure 3. (a) IPCE, (b) LHE, and (c) APCE of rGO/mp-TiO2
nanocomposite (red line) and mp-TiO2 NPs (black line) based
perovskite solar cells.

Figure 4. Electron diffusion coefficient (Dn) and charge recombination
time (τn) of rGO/mp-TiO2 nanocomposite compared to mp-TiO2
NPs based perovskite solar cells.
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surface passivation by atomic layered deposition (ALD) will
improve the PCE further by increasing the fill factor.

4. CONCLUSION
In summary, we fabricated an rGO/mp-TiO2 nanocomposite
based electron transport layer for perovskite solar cells. The
rGO/mp-TiO2 nanocomposite based perovskite solar cells
exhibited an increase in Jsc, ff, and Voc as compared to mp-TiO2
based perovskite solar cells. The electrochemical impedance
spectroscopy analysis and transient studies revealed that the
rGO/mp-TiO2 nanocomposite film has reduced internal
resistance and enhanced charge collection, which improves
the photovoltaic performance of the rGO/mp-TiO2 nano-
composite based perovskite solar cell. The optimized perovskite
solar cell based on the rGO/mp-TiO2 nanocomposite showed a
higher energy conversion efficiency of 14.5% as compared to
the 13.5% of the mp-TiO2 NPs based perovskite cell. We
believe that the introduction of rGO into the TiO2 based
electron transport layer is one of the simplest ways to mitigate
large recombination at the TiO2 grain boundaries, thus
improving the charge collection at the TiO2/TiO2 or TiO2/
CH3NH3PbI3 interface in perovskite solar cells.
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