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Reduced graphene oxide in perovskite solar cells:
the influence on film formation, photophysics,
performance, and stability†
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Mixed-halide perovskites of the type CsxFA1�xPb(BryI1�y)3 are promising materials for highly efficient

single junction and tandem solar cells. This work details how RGO interacts with the perovskite,

influencing film formation and its physico-chemical properties. RGO was introduced into the precursor

solution to study how reduced graphene oxide (RGO) interferes with the crystallization, morphology,

and optoelectronic properties of the perovskite film. By in situ GIWAXS experiments, a decrease in the

rate of formation of the bulk perovskite phase was observed during the spin-coating and annealing

processes. SEM-FEG images confirmed an increase in the grain size of the perovskite film that contained

RGO. The most outstanding results were related to the stability of the devices. Devices with RGO-20 h

(reduced for 20 hours) exhibited a higher stability, confirming that the films formed by larger grains have

a slower rate of degradation.

Introduction

Over the past few years, thin-film photovoltaic (PV) technology
has been quickly developed, and most research is aimed at
reducing the cost per unit of electrical energy generated from
sunlight compared with conventional silicon solar cells. In this
way, many approaches have been developed, such as amor-
phous and nanocrystalline Si,1 inorganic compound semi-
conductors,2,3 quantum dot solar cells (QDSCs),4,5 dye-
sensitized solar cells (DSSCs),6 organic solar cells (OSCs),7

and, more recently, perovskite solar cells (PSCs).8 Since the
pioneering work by Miyasaka and co-workers in 2009,9 PSCs
have emerged at the forefront of thin-film PVs due to their high
power conversion efficiency and low-cost fabrication.8,10 This
technology has witnessed impressive advances, with the solar-
to-electrical power conversion efficiency (PCE) being increased
from 3.8% to a certified value of 25.5% on a laboratory scale.11

Metal halide perovskites (MHPs) are an extensive class of
materials that have the same crystal structure as calcium
titanate, with the general chemical formula ABX3, where A is

an monovalent organic or/and inorganic cation (methylammo-
nium (MA+), formamidinium (FA+), Cs+ or Rb+), B is a divalent
cation (Pb2+ or Sn2+), and X is an anion (Cl�, Br�, or I�).12 The
chemical composition of these structures is quite vast, as it is
possible to alloy multiple cations and anions in the same
crystalline structure.13–16

Despite PSCs with high efficiencies being constantly
reported, there is still room for improvements before the
commercialization and widespread deployment of this technol-
ogy. Understanding film formation using different deposition
techniques and parameters is essential to improve the device
performance and stability.17–19 A poor perovskite film quality
with small grain sizes is related to the quick reaction between
lead halide and the cations during crystallization of the per-
ovskite from the blended precursor solution.20 Therefore, con-
trol of the nucleation and crystallization processes is an
important tool towards improving the perovskite file morphol-
ogy and, hence, its efficiency. Because of the polycrystalline
nature of the perovskite, grain interfaces act as recombination
centers, influencing the device performance. Strategies to minimize
the surface and grain-boundary defects include passivation using
thiophene and Lewis bases,21 iodopentafluorobenzene,21 fullerene
and other carbonaceous materials,22,23 and even PbI2.24

Graphene and its analogs have been used widely for optoe-
lectronic applications because of their unique properties.25,26

Graphene oxide (GO), an oxidized derivative of graphene, shows
hydrophilicity, while graphene exhibits a hydrophobic nature.27
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Although the hydrophilic nature of GO enable solution proces-
sing with a polar solvent, the application of GO has been
limited due to its inferior electronic properties compared with
graphene.27,28 Consequently, reduced graphene oxide (RGO)
has been proposed as a good substitute as it presents enhanced
electronic properties compared with GO.29 Generally, RGO is
applied in composites, improving the charge transport and
efficiency of oxide and chalcogenide semiconductors.30,31 With
an adjustable work function that ranges from 4.4 to 5.0 eV, RGO
has a variety of applications, such as hole-transport material
(HTM) and an electron-transport material (ETM).32–35 Further-
more, the electronic and optical properties of RGO can be
varied by facile chemical functionalization, enabling RGO to
meet the necessary demands.36,37

The introduction of graphene derivatives in perovskite films
has already been reported. He et al.38 developed an in situ
method to cover perovskite grains with RGO, leading to a
significant improvement in the performance of a photodetec-
tor. Hadadian et al.23 studied the introduction of nitrogen-
doped GO into the perovskite to passivate and improve the
morphology of the film. More recently, Kim et al.39 reported an
increase in the stability of PSCs by introducing RGO into the
composition of the perovskite. Although they are remarkable
studies, there is a lack of fundamental understanding about
how RGO acts by interfering with the properties of the perovs-
kite films. Vague explanations are used to explain the role of
graphene when forming a perovskite composite. Herein, we
report a detailed investigation on the formation mechanisms of
Cs0.17FA0.83Pb(Br0.17I0.83)3 perovskite films that contain RGO.
The perovskite composition was chosen based on previous
reports in which higher efficiencies and photostabilities were
found for devices where one-sixth of the iodine was replaced by
bromine and one-sixth of FA was replaced by Cs.40–43 The
volatile nature of the MA cation molecule itself is the reason
that we chose to work with a composition without MA, to obtain
a higher stability in the perovskite films.44 In situ grazing
incidence X-ray scattering (GIWAXS), scanning electron micro-
scopy (SEM) and optical spectroscopy are used to understand
the effect of RGO in the crystallization of perovskite films and
to explain how the modifications are related to the optoelec-
tronic properties, performance, and stability of the PSCs.

Experimental

Three different RGOs were synthesized by reacting 30 mg of GO
dispersed in 40 mL of ethanol in the presence of 300 mL of 80%
hydrazine (0.37 mol L�1, Merck, N2H4�H2O 50% v/v in H2O) and
tetrabutylammonium hydroxide (TBAH, 0.087 mol L�1, Sigma-
Aldrich). The dispersion was kept at room temperature under
magnetic stirring. Different reduction times were used (5, 10
and 20 hours, for which the samples were named as RGO-5 h,
RGO-10 h and RGO-20 h, respectively). GO was synthesized
from natural graphite powder using the modified method of
Hummers and Offeman method reported previously.45,46

The RGO composition was also studied using X-ray photoelec-
tron spectroscopy (XPS) at a reduced pressure of 10�9 Pa using a
Scient Omicron ESCA+ spectrometer containing a high-performance
hemispheric analyzer (EA-125). Monochromatic Al Ka (1486.6 eV)
was used as the excitation source. Data analysis was performed
using CasaXPS, setting the C 1s peak at 284.8 eV as the reference for
calibration. The conductivity of the RGO films deposited in a glass
substrate was measured using a four-probe method. The current
was measured over the range of 0.1–1 V, and then the slope of the
I–V plot was assigned as the resistance of the film.

RGO was incorporated into the perovskite film by dispersing
the powder in the perovskite precursor solution containing FAI,
CsI, PbBr2 and PbI2 (Sigma-Aldrich) dissolved in a 4 : 1 anhy-
drous mixture of N,N-dimethylformamide (DMF):dimethyl sulf-
oxide (DMSO) to yield the Cs0.17FA0.83Pb(Br0.17I0.83)3 composi-
tion. The concentration of RGO was fixed at 0.01 mg mL�1. This
concentration used was the largest amount of RGO that we
could disperse into the precursor solution without graphene
precipitation. The perovskite films were then deposited using
an anti-solvent engineering method.47 Following a two-step
procedure, 10 s at 1000 rpm and 30 s at 6000 rpm, chloroben-
zene was added dropwise, as the anti-solvent, into the spinning
substrate after 25 s. The films were then annealed at 100 1C for
30 min, inside a N2 glove box. All the perovskite films were
deposited in the same way. The samples were named according
to the RGO used in the modification, e.g., ‘‘control’’ for the
perovskite without modification and ‘‘control+RGO-xh’’ (x = 5,
10 and 20) for the modified samples.

Perovskite solar cells were assembled in a standard con-
figuration, consisting of FTO/bl-TiO2/mp-TiO2/Cs0.17FA0.83

Pb(Br0.17I0.83)3/spiro-OMeTAD/Au; all devices were measured with
backward and forward scanning. Current versus voltage measure-
ments were carried out using a current–voltage source (KEITHLEY
2410-c), controlled using an Arduino system developed in our
laboratory, using a Python code to communicate with the com-
puter and calculate the solar cell parameters. For stability tests,
the devices were stored under ambient conditions (T E 25 1C and
RH E 55%), in the dark, following the ISOS protocol
ISOS-D-1.48

In situ GIWAXS measurements were performed on the XRD2
beam line at the National Synchrotron Light Laboratory (LNLS),
Campinas, Brazil. The experiments performed during spin
coating and annealing steps were conducted inside a home-
made N2-filled acrylic chamber, to resemble the deposition of
films made inside a glovebox, as described in our previous
studies.49,50 The X-ray energy was 7 keV and the scatter signals
were collected using a Pilatus 300 k detector with an integration
time of 1 s, placed at 190 mm from the sample. The angle of
incidence of the X-ray beam was 31. Each GIWAXS image was
calibrated using a AgBH standard, azimuthally integrated to
obtain 1D X-ray diffraction patterns, and the reciprocal lattice
maps were calculated using pigyx and py-FAI Python libraries.
Ex situ X-ray diffractograms of the perovskite films with and
without modification and of the RGO powder were obtained
using a Shimadzu diffractometer, model XRD-6000, with Cu Ka
radiation and with a wavelength of 0.154 nm.
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The morphology of the RGO samples used in this work was
investigated through scanning electron microscopy using a
Quanta 250 microscope coupled with field emission-scanning
(FEG-SEM). We studied the perovskite film morphology using
the same FEG-SEM microscope.

Absorption spectra of the perovskite films with and without
modification were acquired using an Agilent spectrophot-
ometer, model Cary 60, in the 400–850 nm range. Steady-state
photoluminescence (PL) spectra of the perovskite were
acquired using a Kimmon He-Cd laser (lexc = 442 nm and
power = 300 W) as the excitation source and an Ocean Optics
USB2000+detector with LabView laboratory software of the
interface.

The charge-carrier emission dynamics of the perovskite
films were acquired via time-correlated single-photon counting
(TCSPC) using an Edinburgh Analytical Instruments FL 900 spec-
trofluorometer with an MCP-PMT (Hamamatsu R3809U-50) and a
PicoQuant pulsed laser operating at lexc = 440 (F = 24.3 nJ cm�2).
The decay signals were collected at the maximum emission wave-
length of the perovskite film. The instrument response was
recorded using Ludox samples. At least 10 000 counts in the peak
channel were accumulated for the lifetime determination. High-
order charge-carrier dynamics cannot be accessed due to the low
fluence (F = 24.3 nJ cm�2) used in the TCSPC, which prevent access
to high-density photogenerated charge-carriers (n0 o 1015 cm�3),
where there is a strong dependence of the charge-carrier dynamics
with the source fluence.51 A single exponential decay function
should be adequate to fit the time-resolved photoluminescence
(TrPL) decay under these conditions. However, a simple exponen-
tial decay function did not fit the TrPL data because of the disorder

of the samples (i.e., polycrystallinity, alloy composition, grain size
distribution, Br- and I-rich phase segregation, high-density of trap-
states, etc.).52

Results and discussion

Starting from GO as the precursor material and following a
time-dependent hydrazine-assisted reduction method, three
RGO samples with different degrees of reduction were prepared
(RGO-5 h, RGO-10 h and RGO-20 h). The elemental composi-
tion of the RGO sheets was confirmed by XPS (Fig. S1A, ESI†).
According to the elemental analysis of the samples, the oxygen
percentage decreased from 29.6% to 12.3% and the carbon
percentage increased from 70.4% to 84.1% (from GO to RGO-20 h).
In addition, the nitrogen content increased from 0% to 3.6%.
The increase in the amount of nitrogen was related to the
method applied to reduce the GO, which uses hydrazine. An
increase in the peak at a binding energy of 285.5 eV (Fig. 1A and
Fig. S1B, ESI†) was observed, attributed to carbon with sp2

hybridization. The contribution of this peak to the total C 1s
signal was 39% for RGO-5h, 45% for RGO-10h, and 47% for
RGO-20 h. Along with this change, a significant decrease in the
peaks associated with oxygenated carbons was observed for all
RGO samples. A sharp decrease in the intensity of the peak at
533.7 eV (Fig. 1B and Fig. S1C, S2, ESI†) revealed that oxygen
single-bonded to carbon is preferentially removed upon reaction
with hydrazine. These values suggested that the reaction with
hydrazine not only promotes additional removal of oxygen but
also improves the restoration of sp2 conjugation. A more
detailed discussion of the XPS results is shown in ESI† Text 1.

Fig. 1 GO and RGO characterization. (A) C 1s high resolution XPS core-level spectra of GO and RGO-20 h; deconvolution peaks are attributed to CQC
(blue), C–C (orange), C–O (green), C–N (purple) and C–OOH (yellow). (B) O 1s high resolution XPS core-level spectra of GO and RGO-20 h;
deconvolution peaks are attributed to quinone (orange), CQO (blue) and C–O (green). (C) D- and G-band regions of Raman spectra for GO and all RGO
is synthesized in this work. (D and E) Elemental concentration of the samples GO, RGO-5 h, RGO-10 h and RGO-20 h, obtained from XPS analysis.
(F) Ratio between the intensities of the D and G bands (ID/IG) and the conductivity of the RGO films.
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The Raman spectra (Fig. 1C and Fig. S3A, ESI†) present
characteristic peaks at 1593 and 1350 cm�1, corresponding to
the G and D bands, respectively.53 The G band, also known as
the graphitic band, is related to the vibrational mode from C
sp2 atoms in the hexagonal structure, and the D band is related
to the defects associated with C sp3 atoms. The relationship
between the intensities of the D and G bands (ID/IG) is used to
analyze the quality of the graphene sheets in relation to the
defects. This ratio is reduced from 1.5 to 1.0, from RGO-5 h to
RGO-20 h, respectively, (Fig. 1F). This confirms that a restora-
tion of the sp2 lattice is more effective when increasing the
reduction time, and this is reflected in an increase in the
conductivity of the samples. The electrical properties were
evaluated by determining the conductivity of each RGO using
the four-probe method. Fig. 1F shows a continuous increase in
the conductivity for RGO-5 h, RGO-10 h and RGO-20 h. Accord-
ing to the XRD diffractograms, there is a reduction in the
crystallinity of the material, which is related to the exfoliation
of the reduced graphene oxide (Fig. S4, ESI†). The effect of the
reduction degree on the RGO morphology was examined by

scanning electron microscopy (SEM), as depicted in Fig. S4
(ESI†). The samples were prepared by drop casting the RGO
suspension onto glass substrates. The morphology is similar
for all RGO samples, presenting a mix of flake-like structures
and sheets, with sizes varying from a couple of nanometers to
tens of micrometers (Fig. S5, ESI†). The small size can be
associated with the ultrasonication process used to disperse
the RGO in the precursor solution.

To understand the influence of RGO on the perovskite
formation rate, in situ GIWAXS measurements were performed
during the spin coating of the solution using chlorobenzene as
the anti-solvent (Fig. S6, ESI†). The synchrotron X-ray beam was
set to hit the sample at an angle of incidence of 31 during the
spin coating process, and the diffraction patterns were col-
lected using an area detector. The antisolvent was dropped onto
the sample in the last 15 s of the spin-coating process and then
the diffraction spectrum was collected for an additional 3.5 min
while the film was standing still. For the sample without RGO
(Fig. 2B), the appearance of a diffraction peak at q = 10 nm�1

was observed, assigned to the (100) diffraction plane of the

Fig. 2 In situ GIWAXS data for the perovskite films containing RGO with different reduction times. (A) Schematic representation of the in situ GIWAXS
measurements carried out during the spin-coating step of the perovskite films prepared using an antisolvent engineering method. (B) GIWAXS
diffractogram map over time along the spin-coating conditions during the measurements of the control sample. (C) Expanded view at q = 10 nm�1 for
each perovskite film with different RGOs in the precursor solution. (D) Area of the q = 10 nm�1 peak over time. All GIWAXS reciprocal lattice maps are
presented in Fig. S8–S11 (ESI†).
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cubic perovskite, right after the dropping of the antisolvent. A
peak related to the 2H phase at B8.1 nm�1 was also observed,
in agreement with our previous work.54 Looking at Fig. 2C, it
was possible to observe that the intensity of this peak changes
at different rates for the samples with RGO. The intensity of the
(100) peak of the samples containing RGO-10 h and RGO-20 h
took more time to reach than the equivalent intensity for the
standard sample. To investigate this behavior, the variation in
the peak area at q = 10 nm�1 was plotted as a function of time
(Fig. 2D). This plot reflects the kinetics of perovskite formation
and it is possible to observe that the formation rate decreases
with the increasing reduction time of RGO.

To complete the perovskite crystallization, the films were
thermally annealed. This step was also probed via in situ
GIWAXS. The samples were measured over 35 min of annealing
to study both the crystallization and possible degrada-
tion caused by heating. Fig. 3A–D show the evolution of
q = 10 nm�1 during the first 8 min of the annealing step, and
after this time the intensity of the peak reaches a plateau.
Looking at the evolution of the peak for the sample without

RGO (Fig. 3A and F), the peak intensity did not increase
significantly during the annealing step. In other words, the
perovskite was almost completely formed without thermal
annealing. Interestingly, for samples with RGO (Fig. 3B–D
and F), the intensity of this peak continues to increase over
time, reaching the same plateau over a much longer time. This
is because the perovskite crystallization was not completed
during deposition; instead, its crystallization continues during
the annealing step. Besides the fact that incorporation of
reduced RGO into the perovskite precursor solution decreases
the perovskite formation rate, it appears that the more reduced
the RGO, the more pronounced is the effect in the film
formation. This becomes clearer in Fig. 3F, where RGO-10 h
and RGO-20 h caused a significant delay in the increase of the
(100) peak during the annealing process. Here, we conclude
that the introduction of RGO with a higher reduction degree
can retard both the formation of the perovskite during spin
coating and its crystallization. The influence of the reduction
degree on the formation rate and how it affects the grain size is
discussed below. From the XRD patterns of the perovskite films

Fig. 3 XRD analysis of the perovskite films. (A–D) XRD (100) peak (q = 10 nm�1) measured by in situ GIWAXS for control, control+RGO-5 h,
control+RGO-10 h, and control+RGO-20 h perovskite films, respectively (all GIWAXS reciprocal lattice maps are presented in Fig. S12–S15, ESI†). (E) Full
XRD patterns of the perovskite films after annealing. (F) Evolution of the (100) peak over time, from the GIWAXS experiment. (G) Ratio for the (100)/(110)
XRD peaks.

Journal of Materials Chemistry C Paper

Pu
bl

is
he

d 
on

 3
0 

Ju
ne

 2
02

1.
 D

ow
nl

oa
de

d 
on

 1
/1

6/
20

26
 7

:5
9:

13
 A

M
. 

View Article Online

https://doi.org/10.1039/d1tc01360b


This journal is © The Royal Society of Chemistry 2021 J. Mater. Chem. C, 2021, 9, 14648–14658 |  14653

(Fig. 3E), it is possible to infer that the perovskite films in the
absence and presence of RGO have cubic perovskite phases
with an almost unchanged crystal structure after annealing.55

Another feature observed is a change in the preferential crystal-
line orientation (Fig. 3E and G). It is observed that, in the
XRD patterns for the sample without RGO (Fig. 3E), the peak at
q = 14 nm�1 (110) appears more intense than the peak related
to the (100) diffraction plane. With the addition of more
reduced RGO, the ratio between peaks (100) and (110) changes
with preferred orientation in the (100) direction for samples
containing RGO, and which is most pronounced for sample
control+RGO-20 h sample (Fig. 3G). However, we did not see
this trend in the GIWAXS experiments performed during the
spin coating and annealing steps (Fig. S7 and S16, ESI†). As
reported by Muscarella et al.,56 neither the grain orientation
nor the grain size is the dominant factor determining the
optoelectronic properties of perovskite thin films. The main
factors determining the efficiency of a device are the defects
within the bulk and at the interface as well as the impurities
within the materials.

FEG-SEM images were obtained to investigate the morpho-
logy of the perovskite films. Fig. 4 and Fig. S17 (ESI†) show the
results of FEG-SEM analysis for the same perovskite films
measured using the GIWAXS setup. The control+RGO-xh films
show full surface coverage, with larger grains in comparison
with the reference (control) perovskite. Fig. 4E shows the grain
size distribution in the film. The distribution of the grain size
shifts to higher values for the modified perovskites and
becomes wider when RGO-10 h and RGO-20 h are added. The
average grain size (Fig. 4H) was estimated to be B97 nm for the
pristine perovskite, B128 nm for control+RGO-5 h, B278 nm
for control+RGO-10 h and B330 nm for control+RGO-20 h.
Furthermore, few grains were measured to be larger than
900 nm for the perovskite/RGO-20 h sample.

The increase in the average grain size reflects the decrease in
the formation rate of the perovskite observed in the in situ
GIWAXS experiments. However, the wider distribution of the
grain sizes observed for the modified perovskite films can be a
consequence of the introduction of a heterogeneous compo-
nent in the precursor solution. According to Fig. S5 (ESI†), the

Fig. 4 FEG-SEM images of the perovskite films prepared with precursors containing RGO. (A–D) Top view of control, control+RGO-5 h, control+RGO-
10 h, and control+RGO-20 h samples, respectively. (E) Grain size distributions. (F) Mean grain size of the perovskite films. (G–J) Cross-section of control,
control+RGO-5 h, control+RGO-10 h, and control+RGO-20 h samples, respectively. (K) Film thickness of the different samples.
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RGO used in this modification has sheets of several different
sizes, related to the method of synthesis. We theorize that the
interaction of the perovskite precursors with the RGO sheets
decreases the mobility of the precursors inside the solution,
impacting the crystallization. A retardation of the nucleation
steps is expected, enabling the growth of fewer crystals with
larger sizes. The effect is more pronounced with RGO-20 h due
to a much stronger interaction of the sp2 lattice of the RGO with
the 2D layered PbI2. Sinha et al.55 synthesized a monolayer of
PbI2 with epitaxial alignment on graphene and demonstrated
that this coupling is indeed favored due to van der Waals
interactions. Zhou et al.57 studied theoretically the interaction
of graphene with PbI2 and confirmed that this interaction is
favorable. It is possible that the interaction of PbI2 with the
RGO is increased when it becomes more reduced due to a much
larger conjugated system. The restored sp2 conjugation pro-
vides more interaction with the hexagonal phases formed
during the crystallization,54,58 leaving ions less available for
the formation of the perovskite. These effects can be related to
the reduction in the formation rate of the perovskite. An
additional effect can also be assigned to the nitrogen groups
on graphene that can be basic, depending on their positions in
the graphene structure. Therefore, the nitrogen groups, as
special pyrrolic N in the RGO (since the XPS spectrum of
RGO samples shows that pyrrolic N is the main type among
different nitrogen species in our RGO samples) make a differ-
ent environment around the formamidinium hydrogen atoms,
slowing down the crystallization, which also leads to an
increase in the perovskite grain size.23 But, regarding the small
amount of nitrogen present in the RGO synthesized in this
work, we believe that the greatest influence in the reduction of
the formation rate can be related to the restoration of the sp2

conjugation in the RGO, leading a higher interaction between
the RGO sheets and the perovskite precursors. A gradual
increase in the film thickness from the pristine sample
(B423 nm) to the control+RGO-20 h sample (B641 nm)
(Fig. 4K) was observed with a concomitant increase in the
absorbance of the films, without any significant modification
in the band gap of the perovskite (Fig. S18, ESI†). The increase
in the thickness of the films implies a more efficient light-
harvesting ability. One possible explanation for the thickness
increase could be the lower relative amount of solvent in
comparison with the control solution. Besides, it is well known
that both DMSO and DMF interact with the RGO sheets.59–62 So,
the increase in thickness can also be associated with the
interaction of RGO with the precursors and solvents, acting
as a barrier against their expulsion.

Fig. 5A shows the steady-state photoluminescence (PL) of
the perovskite films deposited on glass substrates taken during
300 s of continuous laser illumination. Mixed-halide perovs-
kites suffer from photoinduced segregation, where iodine and
bromine regions are established upon irradiation.63 Here, the
characteristic redshift in the PL spectra upon illumination in
all samples is observed. The stationary PL emissions of RGO-
modified samples are already shifted to higher wavelengths,
compared with the initial emission of the pristine sample

(Fig. 5A). This behavior is more evident for samples with
RGO-10 h and RGO-20 h. RGO interacts more strongly with
iodide than bromide in solution,45,64 and this can cause the
formation of I-rich phases during the crystallization, which can
be responsible for the red shift observed in the stationary PL
results. It is worth noting that there is an increase in the PL
intensity for all samples, associated with the filling of the
halide vacancies by O2 and, mostly, H2O present in
the atmosphere.65 For samples with RGO-10 h and RGO-20 h,
the increase of the PL intensity over time is less pronounced,
which could be a consequence of the hydrophobicity of these
samples. This indicates that the oxygen groups present in the
RGO cannot be ruled out as trap sites.

We employed time-resolved photoluminescence (TrPL) mea-
surements in perovskite films deposited on glass substrates
(Fig. 5B) to study the charge-carrier recombination dynamics in
perovskite films modified with RGO. Due to the disorder in this
kind of sample (i.e., polycrystallinity, alloy composition, grain
size distribution, Br- and I-rich phase segregation, high-density
of trap-states, etc.), a simple exponential decay function did not
fit the TrPL data.51,52 Therefore, a stretched exponential decay
function was chosen to fit the TrPL results66,67 and the data are
summarized in Table 1. All samples containing RGO displayed
shorter lifetimes compared with the pristine sample. This
might indicate, among other processes, charge transfer from
the perovskite to the RGO sheets in the films. The quenching in
the PL signal is more pronounced in the sample containing
RGO-5 h (Fig. 5B and Table 1). However, the disorder parameter
of the decays (b factor) increases close to b = 1 with the addition
of RGO in the perovskite and with increasing reduction time.
This behavior is completely in accordance with the increase of
the grain size and the reduction of the grain boundaries

Fig. 5 Photophysical characterization of the PSCs. (A) Stationary PL
evolution (lexc = 442 nm and power = 300 W) with time for control,
control+RGO-5 h, control+RGO-10 h and control+RGO-20 h samples.
The dashed line represents the band gap energy (EG). (B) TrPL decay
(lPLE = 445 nm; F = 24.3 nJ cm�2; and lPL = 755 nm) of the control and
RGO-modified samples deposited onto a glass substrate. Stretched expo-
nential fit decays are shown in red curves.

Table 1 Parameters from the TrPL decay

Sample ts b R2

Control 836 0.64 0.98
Control+RGO-5 h 227 0.65 0.99
Control+RGO-10 h 499 0.72 0.99
Control+RGO-20 h 473 0.78 0.99
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observed in the FEG-SEM top-view and cross-section images of
the samples (Fig. 4).

The same experiment was repeated with the films contain-
ing a Spiro-OMeTAD layer deposited on the top of the films
(Fig. S19A, ESI†) and with the films deposited on a mesoporous
TiO2 layer (Fig. S19B, ESI†). The quenching effect observed for
all RGO-modified samples was even more evident when an ETL
(TiO2) is present (Table S1, ESI†). In addition, a gradual
decrease in the charge-carriers lifetime was observed with the
increase in the reduction degree of the RGO used in the
modification. This corroborated the restoration of the sp2

lattice of the RGO, which increased the electron-extraction
properties of the RGO.68 In the presence of Spiro-OMeTAD
(HTL), a decrease in the charge-carrier lifetime was observed
(Table S1, ESI†),although less pronounced as with TiO2. The
small difference between the pristine sample and the samples
with RGO might account for the more electron-accepting than
hole-accepting character of our RGO samples.68,69 Another
result that corroborated this is the increase of the lifetime
when increasing the reduction degree of the RGO (Table S1,
ESI†), reflecting the increase in the electron-accepting character
of the RGO.

To evaluate the influence of RGO on the PSC performance,
we fabricated PSCs with the n–i–p configuration. Fig. 6, Table 2,
and Fig. S20 (ESI†) display the results for the best cells and the
statistical data of solar cell parameters, respectively. The best
pristine PSC (control) reached 18.3% (16.0 � 1.3%) and 17.0%
(14.8 � 1.5%) efficiency (PCE) for backward and forward scans,
respectively. The devices with RGO presented lower PCE values.
The device containing RGO that presented the highest
efficiency was the one with RGO-5 h, which reached 16.5%
(14.1 � 1.5%) and 13.4% (12.8 � 1.2%) PCE for the backward
and forward scans, respectively. The devices assembled with
RGO-20 h achieved a PCE of 14.9% (13.7 � 1.1%) for the
backward scan and 14.2% (12.7 � 1.2%) for the forward scan.
Comparing the average values, the VOC was slightly affected by
the addition of RGO: a decrease from 1.09 � 0.02 V to
1.04 � 0.02 V (backward scan) when adding RGO to the
precursor solution. The small reduction in the average VOC

value is related to RGO sheets acting as localized electron
acceptors in the perovskite films. Our findings are different
from those observed recently by Kim et al.,39 where they

observed a slight increase in the VOC values after the addition
of minimal amounts of RGO. They also affirm that RGO plays a
negligible role in the crystallization of the perovskite film.
According to in situ GIWAXS experiments, the RGO retards
the crystallization of the perovskite. This is not a surprise, and
it is indeed expected, considering the size of the graphene
flakes, which is by the way the same size as in the study of Kim
et al.39

RS ¼
dV

dJ

� �
J¼0

: (1)

RSH ¼
dV

dJ

� �
V¼0

: (2)

The values of the series resistance (RS), signifying losses
related to the charge resistance of the device materials and
resistive contacts, and the shunt resistance (RSH), representing
the loss by recombination of the charge carriers, particularly on
the interfaces, were calculated to obtain a deeper understand-
ing of the device performance. These values can be estimated
by the analysis of the variation of the current versus the
potential through eqn (1) and (2). It is important to notice that,
to optimize the performance of the solar cells, RS - 0 and
RSH - N. The calculated resistance values, from the forward
J–V measurements, are displayed in Table 3. The values of RS

increase slightly with the modifications. On the other hand, the
RSH value for only the control+RGO-5 h sample was higher than
the control device. This reflects the decrease in the photovoltaic
parameters observed for all the modified devices. It can be
concluded that RGO is acting by disturbing the overall charge
mobility within the device. The decrease in the PCE values is

Fig. 6 Photovoltaic characterization of the PSCs. (A) J–V curves of all
devices (forward measurement). (B) J–V curves of all devices (reverse
measurement).

Table 2 Photovoltaic parameters measured for all the best devices
(forward and reverse measurements)

Sample VOC (V) JSC (mA cm�2) FF (%) PCE (%)

Forward
Control 1.14 22.9 65.2 17.0
Control+RGO-5 h 1.00 24.1 56.1 13.4
Control+RGO-10 h 1.07 22.4 57.0 13.7
Control+RGO-20 h 1.04 22.8 59.8 14.2

Sample VOC (V) JSC (mA cm�2) FF (%) PCE (%)

Reverse
Control 1.15 23.1 68.8 18.3
Control+RGO-5 h 1.03 23.7 67.3 16.5
Control+RGO-10 h 1.09 22.3 60.1 14.6
Control+RGO-20 h 1.05 22.3 63.4 14.9

Table 3 Values for series and shunt resistances measured for control
PSVK and modified solar cells

Sample RS (O cm2) RSH (O cm2)

Control 8.4 835.9
Control +RGO-5 h 11.3 1001.7
Control +RGO-10 h 11.4 595.0
Control+RGO-20 h 11.8 511.1
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mainly related to the decrease in VOC and FF values. The
decrease in FF is attributed mainly to the increase in the RS

value, which reflects the increase in the resistance of charge
transfer provoked by the electron-acceptor character of the RGO
present in the film, which can act as a barrier for the overall
mobility of the charges. Thus, there is a trade off when using
these materials in PSCs, and the balance between JSC, VOC and
FF must be maximized.

An important aspect for the commercialization of PSCs is their
intrinsic stability. The stability of the devices under the dark
storage conditions was evaluated to provide information on the
tolerance of the solar cells to oxygen, moisture, and even pollution
present in the air.48 The devices were stored under ambient
conditions (T E 25 1C) in the dark, following the ISOS protocol
ISOS-D-1.48 It is important to mention that the devices were not
sealed. Fig. 7 shows the normalized changes in PCE measured
over 720 hours. The results show that the sample without RGO
degraded faster than the other samples and that graphene is a
good inhibitor of degradation possibly because of its hydrophobic
character. The stability improvement promoted by the modifica-
tion with RGO has also been reported recently by Kim et al.,39

where they observed an increase in the thermal stability of the
devices, mainly where RGO is introduced in the spiro-OMeTAD
layer. Here, we show that the modification of the perovskite
precursor solution with RGO can lead to an improvement in the
stability of the devices as well. The sample that had the lowest
PCE decrease was the sample with RGO-20 h. This sample showed
more than 80% stability for up to 100 hours of dark storage, and
even after 720 hours the sample remained more stable than the
others. This can be related to the increase in the perovskite grain
size observed for the modified samples. With larger grains, there
is a decrease in the superficial area, which inhibits the reaction
with atmospheric oxygen and humidity. The stability improve-
ment can also be associated with the increase in the hydrophobic
nature of the RGO with the higher reduction degree.59,60 The sum
of all these factors promoted an increase in the overall stability of
the PSCs.

Conclusions

In summary, we investigated the effect of the combination of two
emerging materials, reduced graphene oxide and organic–inorganic

lead halide perovskite, in the active layer of solar cells. The influence
of the degree of reduction for RGO on the formation rate of the
mixed perovskite was studied by systematically adding RGO with
different sp2 characters (RGO-5 h, RGO-10 h and RGO-20 h) into the
perovskite precursor solution. The formation of the perovskite was
monitored by in situ GIWAXS experiments. It was possible to observe
a relative delay in the appearance and an increase in the intensity of
the (100) peak of the perovskite during the spin-coating process.
This delay was more pronounced in the deposition of films mod-
ified with RGO with a higher degree of reduction (RGO-10 h and
RGO-20 h). This experiment showed that the components of the
precursor solution might interact with the restored sp2 conjugation
of the RGO and then delay the formation of the perovskite nuclei.
The annealing process was also studied by in situ GIWAXS, and it
was observed that RGO also plays a role in the final crystallization
step. This delay in the formation and crystallization of the perovskite
promoted the formation of perovskite films with larger grains.

The RGO sheets could also act as points of nucleation; this
effect led to obtaining perovskite films with larger grains. The
main improvement of the increase in the grain sizes of the
perovskite was the improvement in the stability of the solar
cells. We can observe that the device modified with RGO-20 h
presented the highest stability. A sum of diverse effects is
responsible for the improved stability: the increase in the grain
size, which decreases the availability of the films to react with
ambient components, and the increase in the hydrophobicity of
the films as the reducing character of the RGO is increased.
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