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In this study, graphene oxide (GO) was synthesized via Tour method and then modified with two
different amine sources that contained different branched alkyl chains. The GO and modified GOs
(mGOs) with dihexylamine (DHA) and 2-ethylhexylamine (2EHA) as amine sources were used
respectively as buffer layers in mixed halide mesoporous perovskite solar cells (PSCs) in order to
examine whether they could improve their performance. GO and mGO samples were characterized by
several techniques such as X—Ray Diffraction, X—Ray photoelectron spectroscopy (XPS), Raman anal-
ysis and thermal gravimetric analysis (TGA). The preparation of the CH3NH3Pbl3_4Cly perovskite solu-
tion was performed using standard Schlenk techniques under argon atmosphere to attain a
homogeneous coverage of the perovskite film. The solar cells with the additional layer of mGO de-
rivatives between perovskite and hole transporting layer showed an improved overall performance
compared to the reference devices which was attributed to the enhanced charge carrier transport via
the mGOs. In particular, 10% increase to the overall performance of the solar cells was monitored in
devices where 2-ethylhexylamine (2EHA) modified GO was used, compared to standard cell without

buffer layer.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

In recent years, perovskite solar cells (PSCs) have attracted great
attention owing to their high efficiency, low cost and easy prepa-
ration process [1,2]. Particularly, organic—inorganic hybrid perov-
skites follow the general formula ABXs3 (A: organic cation, e.g.
CH3NH{, B: metal cation, e.g. Pb*?, Sn*?, and X: halogen anion, e.g.
I, Br—, CI7) and they exhibit high absorption coefficients, excellent
light absorption and efficient charge injection/transport properties
[3—6]. Moreover, their properties, such as the crystallinity, the
bandgap and the electron—hole diffusion lengths can be tuned by
utilizing appropriate A, B and X components [5,7]. By combining
different halogens to synthesize mixed halide perovskites (i.e.
CH3NH3Pbl3 «Cly), their stability and charge transport properties
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can be improved, resulting in an increase in the efficiency of PSCs
[7,8]. Especially, several studies show that the use of tri-iodide ions
(I3) and iodine in PSCs can improve the efficiency of PSCs [9—11].
Sun et al. demonstrated that the additional I3 ions in organic cation
solution decrease the concentration of defects in resulting perov-
skite films which may lead to better performing devices [10]. Apart
from altering the perovskite in a PSC, changing the hole transport
material (HTM) is also an alternative approach to enhance their
stability [12].

Despite the major progress achieved to the overall perfor-
mance of PSCs, there are still a number of issues that should be
addressed for further advancing this type of solar cells before
commercialization. One of them is the effect of ambient humidity
during the fabrication process in general and its effect to the
stability of perovskite material. Besides, the nature of electrical
and electronic contact of perovskite and electrode interface is of
great importance affecting the overall performance of the cell
including fundamental parameters such as open circuit voltage
(Voc), short circuit current density (Jsc) and fill factor (FF) [13,14].
Free carriers are generated into perovskite after excitation, i.e. in a
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n—i—p architecture the electrons are collected by the anode and
the holes are extracted from the cathode. Therefore, the electrical
contact at the perovskite/electrode interface is very critical to
optimize the photoconversion performance. For that reason buffer
layers have been proposed as a way to improve the alignment of
the electron and hole transfer materials’ energy levels with that of
perovskite so as to be able to tune the work function of the elec-
trode [15—17]. Besides, buffer layers can also act as a means for
enhancing the charge selectivity i.e. electron transport and hole
blocking capacity while at the same time preventing the unfa-
vorable interfacial charge recombination. Finally, buffer layers can
also provide an additional advantage to stabilize the mobile ions
between the perovskite grain boundaries and provide barrier
protection to the halide perovskites from the ambient humidity
improving the solar cell stability.

Graphene is known as a honeycomb structured material which
has gained much attention in organic photonic systems (OPVs,
OLEDs, OFEDs, photo—sensors) due to the extraordinary mechani-
cal, thermal, electrochemical, magnetic and electronic properties
[18—24]. Graphene derivatives, such as graphene oxide (GO) and
modified graphene oxide (mGO) that are prepared via chemical
synthesis method, can be dispersed in many solvents due to the
presence of functional groups. Thus, it is possible to use solutions
with graphene derivatives in organic photonic devices [23,24].
Recently, the graphene oxide derivatives in PSCs have been
extensively studied to improve the device's efficiency and stability
[25]. Functional groups on GO, rGO and mGO allow the tunning of
their chemical and physical properties and can be utilized as an
interlayer, dopant, HTL or buffer layer in PSCs with varying per-
formances for the corresponding devices [26]. The use of graphene
oxide as a dopant or an interlayer enhances the charge injection
and charge carrier mobility which improves the PSCs' efficiency
[27,28]. Mahmoudi et al. have reported that the usage of Silver-
Graphene composites in perovskite active layer enhance the sta-
bility of the PSCs [29]. Moreover, the hydrophobic nature of rGO
and functionalized rGOs can cause a decrement in the degradation
of perovskite film through the protection of it from moisture in
ambient air, while being used as a buffer layer and as a HTL on the
top of the perovskite films [27,30—33]. Contrary to these beneficial
effects of the graphene derivatives on PSCs, utilization of GO type as
a buffer layer between perovskite and HTL was also reported to
cause a decomposition in the perovskite layer under prolonged
light illumination condition [25]. Consequently, the highest power
conversion efficiency which has been achieved for PSCs is well over
20% by employing the rGO within MoS; as HTL and buffer layer [31]
or by depositing rGO as a spacer layer on CuSCN based inorganic
HTM layer [32].

In this study, graphene oxide (GO) was synthesized via Tour
method and then modified with two different amine sources that
contain different branched alkyl chains. The synthesis of
CH3NH3Pbls_xCly perovskite was performed using standard Schlenk
techniques under argon atmosphere to obtain the better coverage
of the perovskite films. The performance of PSCs based on GO and
mGOs as a buffer layer between the perovskite and P3HT layers was
investigated. It was found that solar cells with the additional layer
of mGO derivatives present higher efficiency compared to the
reference device. Improved performance of mGO derivatives can be
explained by the enhanced transportation of charge carriers via the
mGOs that have dot—like morphology compared to the sheet—like
morphology of GO [34,35]. The utilization of mGO derivatives as
buffer layer, between perovskite and HTL layer, is the state of the art
and the corresponding mesoscopic PSCs have comparable PCE
values with the ones reported in literature [25,27,31,36,37] for
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Scheme 1. a) Used device structure in this manuscript and b) PCE % values of PSCs
reported in literature and measured in this work.

devices having similar structure as the one employed in this
manuscript (Scheme 1).

2. Experimental section and methods
2.1. Materials

Amine sources used in the synthesis of modified GOs (mGOs)
[Dihexylamine (DHA) and 2-ethylhexylamine (2EHA)], ethanol,
isopropyl alcohol and molecular sieve were from Sigma Aldrich.
Titanium (IV) butoxide, titanium diisopropoxide bis(acetylaceto-
nate) (75 wt% in isopropanol), 4-tert-butylpyridine, pluronic P123
(MW=~5800 g/mol), lithium bis(trifluoromethane)sulfonimidate (Li-
TESI), chlorobenzene, dimethylformamide (DMF) were also ob-
tained from Aldrich. Regioregular poly (3-hexylthiophene-2,5-diyl)
(P3HT, 94000 g/mol) were purchased from Ossila. Lead (II) chloride
was provided from Acros organics. CH3NH3l was prepared accord-
ing to the procedure reported in literature [38]. DMF solvent was
dried over molecular sieves prior to use. All other chemicals were
used as received.

2.2. Measurements

Chemical structures of synthesized GO and mGO samples were
characterized by the X—Ray Diffraction [XRD], Rigaku Ultima IV
X—Ray Diffractometer using Cu Ka radiation, data sets were
confined in the range of 3—90° (20), X—Ray photoelectron spec-
troscopy (XPS, Thermo Scientific K-Alpha Surface Analysis XPS
spectrophotometer), Thermal gravimetric analysis (TGA, Perki-
nElmer Pyris 6 TGA) and RAMAN analysis (Horiba, XploRA) tech-
niques. Current—voltage curves of PSCs were obtained by a Solar
Simulator Solar Light (165-300) equipped with a Xenon lamp and a
Keithley 2601A sourcemeter. The morphologic structure of the
CH3NH3Pbls_4Cly perovskite was determined by using Field Emis-
sion Scanning Electron Microscopy (FE—SEM, FEI InspectTM F50).
The Electrochemical Impedance Spectroscopy (EIS) measurements
were recorded using Metrohm Autolab 3. v potentiostat galvanostat
(Model PGSTAT 128N). The EIS measurements were performed
under dark conditions at forward bias and the frequency range
which was applied was 100 kHz—0.1 Hz using a perturbation of
+10 mV. Finally, impedance data were fitted using Nova 1.10
software.

2.3. Synthesis of mGO derivatives

Graphene Oxide (GO) was synthesized according to the
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Scheme 2. Proposed binding mechanism of DHA and 2EHA on GO.

modified Hummers' method as described in our previous study
[39,40].10 mmol of amine sources were added to 100 mL GO (2 mg/
mL) aqueous dispersion and amine modification reaction was car-
ried out at 95 °C for 24 h. The alkaline reaction solution was filtered
by washing with the pure water—ethanol mixture (with 1:1 vol
ratio) until the reaction medium was neutralized. This filtered solid
material was dried at 70 °C for 24 h and obtained amine modified
graphene oxide samples were referred as mGO. Two different
amines that contain different branched alkyl chain i.e. Dihexyl-
amine (DHA) and 2-ethylhexylamine (2EHA) were used as amine
sources during the GO modification and the obtained mGO de-
rivatives were named DHA-GO and 2EHA-GO, respectively. Then
their dispersions in isopropyl alcohol (5mg/1 mL) were prepared
and ultrasonicated in a water bath for 1h before their imple-
mentation as a buffer layer between the perovskite and P3HT layers
in PSCs. Proposed binding mechanism of amines on GO layer is
given in Scheme 2 and further supported by the XPS, XRD and
RAMAN analysis.

2.4. Preparation of CH3NH3Pbls xCly perovskite

CH3NH3Pbl; «Cly perovskite solution was prepared using stan-
dard Schlenk techniques under argon atmosphere. A 40 wt% mixed
halide perovskite solution was prepared by mixing CH3NHs3l and
PbCl, in anhydrous DMF in a molar ratio 3:1 according to the
previous reported procedure [7] except that argon atmosphere was
used instead of air atmosphere during reaction.

2.5. Fabrication of the perovskite solar cells

All the processes for the device fabrication were carried out
under ambient conditions of temperature and relative humidity.
Glasses with a fluorine—doped tin oxide (FTO) conducting substrate

(8 Q/O, (Pilkington) were used for the fabrication of the monolithic
meso—structured perovskite solar cells. The FTO glasses were
patterned by chemical etching using zinc dust and HCl aqueous
solution and then they were thoroughly cleaned with detergent,
deionized water and acetone. A thin compact layer of TiO; (c—TiO3)
was deposited by spin—coating at 2000 rpm for 10 s a few drops of a
solution which consisted of titanium diisopropoxide bis(acetyla-
cetonate) diluted in isopropanol (10% v/v) followed by annealing at
500°C for 10 min. The mesoporous TiO, layers (mp—TiO;) were
formed by spin—coating (1200 rpm for 20s) a solution that was
previously prepared, consisting of 0.37 mL Titanium (IV) butoxide,
04 mL glacial acetic acid and 0.5g Pluronic P123 in 4mL
n—propanol, followed by sintering at 500 °C for 10 min to form
porous films. These steps were repeated until the desired thickness
was obtained.

For the formation of the perovskite film a small amount of the
perovskite solution was spin—coated onto the photoanode films at
2000 rpm for 45 s and then the samples were placed on a hot plate
at 100 °C for 30 min in order to obtain the crystalline phase of the
perovskite. Subsequently the perovskite film of some of the
samples was covered with a film of GO or mGO which resulted by
spin—coating the corresponding solutions at 2000 rpm for 60 s
and drying at 60 °C for 5 min. For the preparation of the solution
for the hole transport layer (HTL), 15mg of poly-
—3—hexylthiophene (P3HT) were diluted in 1 mL chlorobenzene
and 7.18 mg of lithium bis(trifluoromethanesulfonyl) imide and
10.3 mg of 4—tert—Butylpyridine were added at the end. Prior to
the deposition of the HTL the samples were left to reach room
temperature. The HTL was formed by spin—coating 30 pL of the
above solution at 1200 rpm for 10s, over the perovskite films,
followed by drying of the as—prepared films on a hot plate at 60 °C
for 5 min. This step was repeated twice. To complete the devices’
structure, gold electrode was thermally evaporated on top of the
HTL. The final structure of the mesoscopic perovskite solar cells
was FTO/c—TiO2/mp—TiO,/CH3NH3Pbl;_4Cly/(GO or mGO)/P3HT/
Au (Scheme 1) and a series of three devices was fabricated for each
of the different cases tested.

3. Results and discussions
3.1. Structural characterization of mGO derivatives

XPS spectra of GO, DHA-GO and 2EHA-GO are shown in Fig. 1. All
of them have a broad C 1s peak that is convoluted into five char-
acteristic sub peaks between 283 and 290 eV. Abundance of func-
tional groups on the samples, distributions of atomic percentages of
C, O and N atoms and also C:O ratio were detailed in Table 1.
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Fig. 1. C1s XPS spectra of GO, DHA-GO and 2EHA-GO samples.
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Table 1
XPS and RAMAN data obtained for GO and mGO samples.
Samples d-spacing (A) Ip/Ig Ratio Cls % At. % C:O ratio
sp® C—C sp?C=C {C—OH) {c—0-C) 0-C=0 C 0 N
U{C—N} u{C=0}
GO 8.36 0.98 10.18 21.62 18.83 38.10 11.27 68.05 31.95 — 213
DHA-GO 439 0.94 17.68 46.15 27.44 422 4.50 74.56 1343 12.01 5.55
2EHA-GO 420 0.95 16.85 46.49 27.10 453 5.03 76.09 11.67 12.24 6.52
a) 2EHA-GO 100
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Fig. 2. Structural characterizations of GO, DHA-GO, and 2EHA-GO a) XRD pattern, b) RAMAN spectrum and c) TGA curves.

Compared to the GO, the existence of N atom with ~12% and, also
determination of a dramatic decrement in the amounts of epoxy
(C—0—C at 287.1eV) and carboxylic acid (0=C—0; at 288.9eV)
groups on the mGO samples indicate the significant interactions
between the GO and amine sources. It is thought that modification
of the GO occurred through both epoxy ring opening reaction at the
basal plane and amidation reaction with the carboxylic acid at the
edge sides [41,42]. The XPS peaks originating from the C—N bonds
are observed at around 285.5 eV and their C1s peaks overlap with
the peaks of the C—OH groups in the structure [43—45]. Thus, a
considerable increment in the amount of {C—OH}u{C—N}% in mGOs
demonstrates the effective amine modification on the GO layers.
The C:O ratio of all of the synthesized mGO derivatives are higher
than that of the GO, which points out that the used amines not only
modified the surface but also caused partial reduction of GO [46].
This situation is supported with the sp?> C—=C%s of around 46%.
Significant increase in the abundance of sp> C—C%s for the mGO
samples compared to the GO is attributed to the contribution of
alkyl chains in the amine groups.

Characteristic XRD peak (20) at around 10° of GO completely
shifted to~20° (20) after amine modification (Fig. 2a). Negligible
peak at 43°(260) belongs to (100) crystal orientation of graphite and
addresses the non—uniform crystal structure obtained by the
modification of GO surface with amine groups [46]. While the
—NH> groups of the amine sources in the alcaline character directly
attack the epoxy carbon in the basal plane of the GO to perform the
ring opening reaction, the conjugated acids formed in the medium
provide the acidic environment required for elimination, and thus
reduce the GO to large extent. Shorter interlayer distances (d-
spacing) of 2EHA-GO and DHA-GO compared to the GO may be
attributed to this situation (Table 1). Additionally, this lower d-
spacing values, which are determined contrary to expectations for
mGOs, may explaine that high density hydrocarbons chains being
selectively parallel positioned at the edge side of GO plane due to
the steric hindrances [42].

RAMAN spectroscopy is an important analysing technique for
the graphite like materials. Specific D bands at around 1350 cm™!
and D bands at around 1585cm™! are clearly observed for all
samples (Fig. 2b). The G band peaks of the 2EHA-GO (1582.7 cm™ 1)
and DHA-GO (1585.7 cm™!) are detected to shift through to the

lower frequency (red shift) compared to the GO (1588.0 cm™!). This
situation can be attributed to the fact that amine sources with long
alkyl chains behave as electron donor due to the formation of
positive inductive effects on the amine group attached to the GO
surface. It is known that electron donor or acceptor properties of
the nitrogen—containing dopants vary depending on their bonding
conformation to the GO surface [47]. Aditionally, the quality of the
graphene derivatives can be determined according to the Raman Ip/
I ratio. Given the fact that the Ip/Ig ratio was approximately the
same for the GO and mGOs it denotes that the modification re-
actions of GO occur on the sp> C—C sides predominantly, and the
graphitic carbons (sp?> C=C regions) are to a large extent preserved
(Table 1).

Fig. 2c illustrates the TGA curves of the GO and mGO samples.
Contrary to the GO (15.24%), the negligible mass losses for the mGO
derivatives below 100 °C (~1—2%) clearly indicate the hydrophobic
characters of those derivatives [42]. Unlike the GO, no sharp mass
losses were detected for the mGOs between 100°C and 300 °C. This
can be explained by the removal of the oxygenated functional
groups from their structure after the modification reactions.
Furthermore, the slight mass losses which were observed for the
mGO derivatives at the same temperature range demonstrate the
self decomposition of the amine groups which interact with the GO
physically [42,48,49]. Notable increment in the thermal stability
was observed for both 2EHA-GO and DHA-GO samples as compared
with the GO.

4. Surface morphology characterization of the GO and mGO
buffer layers

Top view SEM images (Fig. 3a—c) were obtained in order to
evaluate the quality of the formed GO or mGO buffer layers over the
perovskite films. The GO solution formed a dense film without
however covering the underlying perovskite film homogeneously,
while both the mGO solutions formed porous films with full
coverage. The formation of a porous buffer layer could be proven to
be an advantage for the deposition of the hole transport material,
facilitating the hole transport and confining the charge recombi-
nation improving at the same time the overall performance of the
final perovskite devices. Cross section image of standard
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Fig. 3. SEM images (top view) of the surface morphology of the perovskite film having a buffer layer of a) GO b) DHA-GO or ¢) 2EHA-GO. d) Cross section image of standard
configuration of PSC with mesoporous titania film (632 nm) and perovskite layer on the top (833 nm).
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Fig. 4. The -V characteristic curve for the perovskite solar cells measured with for-
ward scan (from short circuit to open circuit) with delay =40 ms.

configuration of PSC showed an average thickness for mesoporous
TiO; film around 632 nm and for perovskite layer on the top about
833 nm.

Table 2
Solar cell parameters for the PSCs with and without the presence of GO or mGO
buffer layer.

Samples Jsc (mA/cm?) Voc (V) n (%) FF

Reference 2234 0.92 10.56 0.51
GO 20.49 0.85 8.96 0.51
DHA-GO 23.84 0.85 11.55 0.57
2EHA-GO 2443 0.93 13.25 0.58

4.1. Characterization of perovskite solar cells

The perovskite solar cells with and without the GO or mGOs
buffer layer were electrically characterized and the current
density—photovoltage (J—V) characteristic curves are presented in
Fig. 4 while the obtained electrical parameters are summarized in
Table 2. In general the addition of the mGO buffer layers, namely
DHA-GO and 2EHA-GO improved the short—circuit current density
(Jsc), the fill factor (FF) and the overall power conversion efficiency
of the PSCs, whereas the GO buffer layer reduced all the electrical
parameters of the final devices compared with the ones used as a
reference without any buffer layer. The increase of the Jsc for the
samples employing DHA-GO and 2EHA-GO buffer layers was
attributed to the uniformity of the layer over the perovskite film
which we assumed that obstructed the formation of shunt paths
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Fig. 5. Dark current—voltage characteristic curves for the perovskite solar cells with
and without the presence of GO or mGO buffer layer.

which could enhance the charge recombination and also have a
negative effect on the FF. On the other hand, hydrophilic nature of
the GO due to the oxygenated functional groups on its structure
stimulates interactions between perovskite layer and air moisture.
These interactions lead to perovskite decomposition and therefore
to decrement in performances of PSCs [25].

The reduction of the charge recombination by utilizing the mGO
buffer layer can also be reflected as a confinement of the dark
current (Fig. 5). Since the open circuit voltage of the PSCs was more
or less the same with small discrepancies no major differences are
expected to the dark current. In fact the curves for all the fabricated
devices didn't display substantial differences with the curve cor-
responding to the sample with the 2EHA-GO buffer layer just
exhibiting a slightly smaller decreasing rate for the voltage.

Electrochemical impedance spectroscopy measurements were
performed for the fabricated devices with and without the pres-
ence of the GO or mGOs buffer layer. Fig. 6 (a) presents the obtained
EIS plots (Nyquist plots) of the PSCs where the experimental data
are represented by symbols, while each fitted plot is represented by
a line and Fig. 6 (b) depicts the simplified equivalent circuit used in
order to fit the obtained experimental data. The element in Fig. 6 (b)

C. Sahin et al. / Renewable Energy 146 (2020) 1659—1666

Table 3

Electrochemical impedance spectroscopy fitted parameters.
Samples Rs(Q)  Rpec(Q) C*10°°(F)  Rum(Q)  C*10°6(F)
Reference 39.60 492 2.68 2530 3.26
GO 55.3 831 1.93 878 0.19
DHA-GO 61 3210 3.87 853 1.14
2EHA-GO 514 1090 3.86 2970 7.51

depending on the parameters Y, and N which is in parallel with a
resistance is called a constant phase element (CPE) and can be
converted to a capacitance element. In the Nyquist plots, instead of
getting two distinct semicircles, each one assigned to the parallel
combination of the resistance with the CPE element, only one
merged semi—arc can be observed representing both parallel
branches. One of the parallel branches and the corresponding
electrochemical parameters are related to the HTM/gold interface
and its charge transfer properties, while the other one is related to
the recombination processes which take place at the ETL/perov-
skite interface. Moreover, the resistance in high frequencies (Rs) is
related to the series resistance of the solar cell. All the fitted pa-
rameters are summarized in Table 3. The larger values of the Rggc
obtained for the solar cells employing the mGO buffer layer indicate
suppressed recombination processes, namely charges are harder to
transfer from the ETL/perovskite interface which corroborate our
initial assumption that the addition of the buffer layer can help in
the reduction of the charge recombination.

5. Conclusions

In summary, graphene oxide (GO) was synthesized and subse-
quently modified using two different amine sources having
different branched alkyl chains. The GO and modified GOs (mGOs)
were applied as buffer layers in mixed halide CH3NH3Pbl3_4Cly
mesoporous perovskite solar cells. The solar cells having the addi-
tional mGO buffer layer displayed improved performance
compared with the reference devices and the ones employing the
GO buffer layer, which was ascribed to the formation of a uniform
porous mGO film which probably facilitated the deposition of the
hole transport material and assisted in the reduction of the charge
recombination. In addition, the hydrophobic character that the
mGO derivatives demonstrated could provide an extra shield of the
perovskite film from the humidity and air elongating the stability of
the fabricated PSCs.
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Fig. 6. (a) Electrochemical impedance spectroscopy plots of the PSCs measured under dark conditions and (b) equivalent circuit used to fit the experimental data.
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