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The materials intended for organic photovoltaics and organic electronics require specific properties, such
as conjugation along backbones, good solubility in organic solvents and a suitable band gap. Graphene
oxide holds a high indirect optical band gap of 3 eV and a hydrophilic behavior. However, based on the
fact that the graphene oxide band gap is related to the C/O ratio, chemical reduction and functionali-
zation must be performed to obtain the proper characteristics that are required for organic applications.
Here an efficient approach for chemically modified graphene oxide as a low-cost alternative for organic
semiconductor materials was developed. The two synthesized materials (functionalized reduced gra-
phene oxide and functionalized reduced graphene oxide decorated with silver nanoparticles) exhibited a
65% and 52% band gap decrease respectively, compared to graphene oxide. Moreover, both materials
were soluble in organic solvents at high concentrations [10 mg mL™'], turning them suitable for many
applications, including organic electronics, with the additional advantage of being a solution process
avoiding restacking of layers.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Graphene, a single layer of carbon atoms bonded in a hexagonal
array with sp? hybridization, exhibits a large number of
outstanding characteristics, making it one of the most promising
two-dimensional (2D) materials [1]. The properties of 2D materials
result from the quantum confinement effects along the z-axis,
leading to unusual electronic and surface characteristics. For
instance, graphene possesses high optical transmittance (>97%
from 400 to 1000 nm), thermal conductivity (~5000 Wm~ K1),
Young's modulus (~1.0TPa), large specific surface area (2630
m?g~!) and extraordinary carrier mobility (2.5 x 10° cm?V~'s™1),
attributed -besides of quantum confinement-to the interaction of
electrons with the periodic potential of graphene's honeycomb
lattice. In this way, the particular crystalline structure (sp> domain)
gives rise to relativistic massless Dirac fermion behavior of

* Corresponding author.
** Corresponding author.
*xx Corresponding author.
E-mail addresses: alfonso.perez@cimav.edu.mx (S.A. Pérez-Garcia), ergang@
chalmers.se (E. Wang), liliana.licea@cimav.edu.mx (L. Licea-Jiménez).

https://doi.org/10.1016/j.carbon.2019.02.023
0008-6223/© 2019 Elsevier Ltd. All rights reserved.

electrons that obey Dirac's equation instead of the Schrodinger's
equation [1-7].

Moreover, graphene is a zero-band-gap material due to its -
band (bonding 7 molecular orbital) and ©*-band (antibonding 7*
molecular orbital), having a characteristic shape of Dirac cones
touching at the Dirac points [8]. Hence, most attention is focused on
graphene applications for transparent and flexible electrodes [1].
Nevertheless, certain applications, such as organic semiconductors
and organic photovoltaics (OPV), require particular properties:
specific band-gap (Eg), highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO) energy levels,
and good solubility in organic solvents as well as a low cost [9—11],
which graphene can achieve only when subjected to certain
chemical modifications.

Graphene oxide (GO) is the most studied graphene derivative. It
basically is graphene with oxygen functional groups: hydroxyl,
carboxyl, epoxy and carbonyl. GO exhibits a wide optical band gap
(E3PY of 3 eV and, therefore, a HOMO and LUMO levels [ 12]. The poor
solubility in organic solvents, mismatching energy levels, large E; as
well as high electrical resistance [13] (~10'' Q) due to the loss of
crystallinity in GO, limit its applications in organic electronics.

Some of the GO challenges are to tailor the proper set of energy
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levels, to improve the conductivity, to be soluble in organic sol-
vents, and to reduce the band gap. The previous enables its use
instead of common organic semiconductors in OPVs, e.g. fullerene
derivatives, which present wide limitations such as low absorption,
morphological instability, and high costs. In the end, these re-
straints generate a strong requirement to develop new semi-
conducting materials.

Since sp? domains and Eg; in GO are related to C/O ratio, a
promising strategy will be to reduce the amount of oxygen by
chemical reduction reactions [14—16], which leads to reduced
graphene oxide (rGO) with a narrower E; and therefore, higher
conductivity (~7.5 x 104Sm™1) [5,12,17,18]. These chemical re-
actions are carried out with harmful compounds like NaBH4 [14],
NyHg4 [15] and also with innocuous fructose in aqueous dispersions
[16], with the inconvenience of re-stacking of the layers, which
results in poor solubility.

Furthermore, common semiconducting polymers and small
molecules used for OPV are soluble in organic solvents like 1,2-
dichlorobenzene (0oDCB), toluene and chloroform, in order to be
processed from solution. The nature of GO is hydrophilic, but rGO
has a re-dispersibility problem in polar and non-polar solvents. As a
result of the chemical reduction reactions, some segments of the
GO molecules recover their sp?> domains [16], leading to a hydro-
phobic behavior. Thus, rGO's aggregates are difficult to dissolve or
disperse in organic solvents due to the remaining oxygen groups
[7]. To overcome this situation, it is critical to include chemical
functionalization to increase the solubility of the material; other-
wise, it is difficult to incorporate rGO into a semiconductor polymer
matrix [14,19].

Previous work related to the use of graphene derivatives in OPV
mainly focuses on graphene as the hole transporting layer (HTL),
the electron transporting layer (ETL) and the active layers, showing
satisfactory results [9,20—25]. Additionally, several reports discuss
the application of graphene derivatives with metallic nanoparticles,
taking advantage of the localized surface plasmon resonance,
increasing the light scattering degree and thus, promoting the ab-
sorption of photons leading to a photocurrent enhancement of the
final device [26—29].

Herein, we report a simple approach to synthesizing rGO with
modified band-gap and good solubility, suitable for potential
application as low-cost semiconductors in an active layer of OPVs.
We developed reduced graphene oxide, functionalized with octa-
decylamine (rGO-ODA) and reduced graphene oxide functionalized
with octadecylamine and decorated with silver nanoparticles (rGO-
Ag), both showing different electronic properties and good solu-
bility in oDCB and toluene.

2. Experimental
2.1. Materials

Graphite nanoparticles (GNPs) from ACS materials were used as
starting material. KMnOy4, KNOs3, Hcl and H2504 Were purchased from
CTR Scientific. Ascorbic acid-6-palmitate, 1,2-dichlorobenzene, and
octadecylamine were purchased from Sigma—Aldrich. Toluene was
purchased from Fisher Chemicals. Ethanol, H»O, and methanol
were purchased from ].T. Baker. All the chemicals were used as
received.

2.2. Characterization equipment

High-resolution Cl1s X-ray photoelectron spectroscopy (XPS)
analyses were carried out using a Thermo Scientific Escalab 250Xi
instrument. The base pressure during the analysis was ~10~1° mbar
and the photoelectrons were generated with the AlKa (1486.68 eV)

X-ray source, using monochromator, and a spot size of 650 um. The
X-ray voltage and power were 14 kV and 350 W, respectively. The
acquisition conditions for the high-resolution spectra were 20 eV
pass energy, 45° take-off angle and 0.1 eV/step. Selected regions
spectra were recorded, covering the Cls, Ols, and N1s photoelec-
tron peaks. They were fitted using a Gaussian-Lorentzian function
and a Shirley background subtraction. The recorded photoelectron
peaks were curve-fitted using the Advantage software V 5.41.

A PerkinElmer FT-IR Spectrometer Frontier was used in ATR
mode, from 400 to 4000cm~ .. The UV—Vis—NIR Spectrometer
PerkinElmer instruments Lambda 900 was used for EQ" determi-
nation. AVWR Symphony Ultrasonic Cleaner Model 97043-944 was
used. An Electrochemical Workstation CH-Instruments 650A was
used for HOMO-LUMO determination. The Scanning Electron Mi-
croscopy FEI Nova NanoSem200 in STEM mode was used for
morphology characterization. The X-ray diffractometer Panalytical
Empyrean was used for interplanar distance determination. An
inductively coupled plasma-atomic emission spectroscopy Thermo
Electron-ICAP 6500 was used for transfer efficiency. A Profilometer
Tencor D-100 KLA was used to analyze the roughness of the films.
The Dynamic Light Scattering (DLS) Malvern Zetasizer Nano S was
used to determine the size distribution.

2.3. Method

We started from GNPs (see SI Fig. S1), working with modified
Hummers’ method reported elsewhere [16,30,31]. The obtained GO
aqueous dispersion resulted with an E@* of 3 eV, see SI Fig. S2. After
that, a phase-transfer from water to a desired organic solvent was
performed to achieve an electrostatically functionalized GO with
octadecylamine (GO-ODA). In order to synthesize rGO-Ag, as a
second approach, a solution of Ag*-ODA was prepared and mixed in
the same solvent for GO-ODA. Finally, an in situ chemical reduction
was carried out with ascorbic acid-6-palmitate for both disper-
sions, GO-ODA and the mixture of GO-ODA/Ag"-ODA, obtaining
rGO-0ODA and rGO-Ag.

2.4. Graphene oxide synthesis

The GO synthesis was carried out from GNPs by a modified
Hummers’ method [16,30]: 0.5 g of GNPs were oxidized in 30 mL of
H,S04 and 0.295 g of KNO3 with 3 g of KMnOy4 to achieve formation
of Mn,07 complex. The reaction was set for 6 h, stirring at 450 rpm
controlling the temperature below 15°C. It was quenched with
100 mL of DI H,0 and 6 mL of H,0;, 30%. Next, the obtained bright
yellow dispersion (graphite oxide) was centrifuged at 3500 rpm for
10 min, to remove the supernatant. 100 mL of HCl 10% were added
to the precipitate and centrifuged under the same conditions. The
washing process was repeated 3 times with DI H,O. Thereafter,
80 mL of DI H,O were added and the dispersion was placed in the
ultrasonic bath for 1 h for exfoliation, followed by centrifugation at
3500 rpm for another hour. Finally, the supernatant (GO as water
dispersion) was recovered and stored. Fig. 1 schematically depicts
the described reaction.

2.5. Functionalization

The functionalization of the fresh synthesized GO dispersed in
water, fixed at [10mgmL~'] and the AgNO3 water solution
[4 x 1073 M] to oDCB or toluene was performed electrostatically, by
mixing a solution of ODA in ethanol [30 mgmL~!]in a 1:1 vol ratio
and sonicated for 5 min. In both cases, the mixture was stirred at
450 rpm for 5 min at room temperature. Subsequently, an equal
volume of the desired solvent (0DCB or toluene) was added and
stirred at 450 rpm for 3 min at room temperature, promoting a
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KMnO, + 3H,SO, 2> K* + MnO3* + H30* + 3HSO,
MnOz* + MnO4 2> Mn207

360 min., DI H,0, H,0,

GNPs

Graphite oxide

Washing HCI, DI H,O

Exfoliation

GO dispersed in DI H,O

Graphite oxide

Fig. 1. Graphene oxide synthesis. a) Modified Hummer's method to obtain graphite oxide from graphite nanoparticles. b) GO's water dispersion after washing by centrifuge and
exfoliation. (A colour version of this figure can be viewed online.)

phase transfer (see SI Fig. S3). The organic phases (GO-ODA and
Ag"-ODA) were stored for later use. The silver transfer efficiency
was calculated by ICP analysis, yielding 97.2% efficiency. Finally, GO-
ODA and Ag*-ODA were mixed and stirred at 450 rpm for 20 min at

ODA in Ethanol

room temperature. In Fig. 2, we show a schematic diagram repre-
senting this process. Compared with a previous report using
alkylamines [14], here we demonstrate the versatility, easy method
and lower molar concentration required for a complete phase

GO in DI water

b)

ODA in Ethanol

AgNOz;~> AQ*aq) + NOS'(aq)

o
CigHaz s

GO-ODA dispersed in organic solvent

AgNO, water solution

» Ag* :NH;—CigHg7

Silver ions functionalized,
dispersed in organic solvent

Fig. 2. Electrostatic functionalization by ODA. a) GO dispersed in water and functionalized by ODA and transferred to oDCB or toluene. b) Functionalization of silver ions by ODA and

transferred to oDCB or toluene. (A colour version of this figure can be viewed online.)
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transfer by an electrostatic functionalization. After chemical
reduction, functionalization will become covalent, avoiding the use
of harmful coupling agents like N,N’-dicyclohexylcarbodiimide
(DCC) [32].

2.6. Chemical reduction

The chemical reduction reactions were carried out by adding
100 pL of ascorbic acid-6-palmitate (AA6P) [100 mM] solution in
oDCB or toluene for each 100 mg of GO, at 98 °C and stirred at
450 rpm for 2 h. Thus, reduced graphene oxide functionalized with
ODA (rGO-0ODA) and reduced graphene oxide functionalized with
ODA and decorated with silver nanoparticles (rGO-Ag) were ob-
tained in solution (see SI Fig. S4). Both samples were vacuum
filtered in a Pall PTFE membrane with a diameter of 47 mm and
0.2 um pores and dried at room temperature for further charac-
terization. The proposed mechanism of the chemical reduction
reaction is described below in Fig. 3 for rGO-ODA and rGO-Ag. In

summary, the ascorbic acid-6-palmitate reduces the epoxy groups,
while the carboxyl and carbonyl are thermally reduced. Because
carboxyl is electrostatically bonded to the amine, the reaction al-
lows a condensation, creating a covalent bonding with water as a
by-product, which eventually evaporates from the reaction media
[7,15].

3. Results and discussion

As discussed above, some of the main drivers for a successful
material to be used as a semiconductor rely on the nature of the
chemical modifications that take place within the system. In order
to understand the chemical behavior and modifications of the
graphene-based material at its surface, ATR-FTIR and XPS mea-
surements were performed.

Nevertheless, as the chemical reduction decreased the C/O ratio,
the resulting materials had smaller E;, which was analyzed by
UV—Vis—NIR and cyclic voltammetry (CV) for the optical (by Tauc
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Fig. 3. Proposed mechanism for the chemical reduction. a) Chemical and thermal reduction of graphene oxide functionalized to generate reduced graphene oxide functionalized
(rGO-ODA). b) Chemical and thermal reduction for the mixture of functionalized graphene oxide and functionalized silver ions, in order to obtain functionalized reduced graphene
oxide decorated with silver nanoparticles (rGO-Ag). (A colour version of this figure can be viewed online.)
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plots) and electrical band-gaps, respectively. Also, the morphology
and size of the graphene oxide synthesized and used in the present
work were studied by SEM in STEM mode to measure the lateral
dimension, and analyzed by DLS for statistical purposes. Finally, to
analyze the behavior of the synthesized materials into the nano-
composite, the roughness and UV—Vis absorption of a polymer:-
rGOs films were carried out.

3.1. Analysis of chemical modifications obtained during the
synthesis

To investigate the chemical structures of the synthesized ma-
terials, an ATR-FTIR analysis was performed. In order to tell apart
the original GO and the rGOs, the common peaks of oxygen func-
tional groups are presented in Fig. 4. For instance, the GO spectrum
(red line, 1) presents various oxygen functional groups: the typical
broadband from 3000 cm™! to 3700cm~! pointed at 3200 cm™!
that refer to »; hydroxyl (OH), »; carbonyl (C=0) at 1719 cm™, »;
aromatic (C=C) at 1618 cm™!, »; alkoxy (C—0) at 1160 cm™! and
1 epoxy (C—O—C) at 1030cm™ . All features corresponding to
highly-oxidized graphene oxide, according to previous reports
[33—-35].

For rGO-ODA and rGO-Ag, the prominent »; hydroxyl band is
completely removed, as well as the »; carbonyl. On the other hand,
the most perceptible bands for both are at 2915cm~' and
2850cm™! corresponding to r3 and v; of C—H, respectively [36],
confirming a complete chemical reduction process. Furthermore,
the vy and »;, vibrations of carbon-nitrogen bonding in the amine
(C—NH—C) at 3444 cm~! and at 1560 cm™, also the »; for NH is
recorded at 1470cm™! [37,38]. The »; for C—0O and C—O—C at
1150 cm~! and 1070 cm™~! present a small shift from the GO original
positions [39]. Finally, the »3 and »; for N—O bonding can be
observed at 718 cm~! and 618 cm™!, respectively [36], suggesting
that besides the reduction, the functionalization takes place with
the carboxylic and hydroxyl groups as proposed in Fig. 2. On the
other hand, the transmittance of rGO-ODA and rGO-Ag is high,

revealing the lower restacking level due to the synthesis method
used in this work.

Furthermore, for a deeper analysis of the surface chemical state,
the synthesized materials were analyzed by X-ray photoelectron
spectroscopy (XPS). The C1s core level spectra are shown in Fig. 5,
GNPs Fig. 5a) for the raw material, GO Fig. 5b), rGO-ODA Fig. 5c),
rGO-Ag Fig. 5d). The high-resolution Cls spectra were recorded
from 279 eV to 298 eV. The signal coming from the initial material
(GNPs) is composed only by C—C and C=C, with a single contri-
bution at 284.48 eV without any degree of oxidation in accordance
to the ATR-FTIR results confirmed by XRD, both in SI Fig. S1 ¢) and
d). After the oxidation of the GNPs by the Hummers’ reaction, the
C1s signal matches not only with C—C and C=C but, also C—0 and
C=0 at 286.88 eV and 288.88 eV, respectively [ 16,40], in agreement
with the ATR-FTIR results shown in Fig. 4.

Finally, the signals coming from both rGO-ODA and rGO-Ag are
characteristic of a highly reduced state, presenting a very small
contribution of C—0 at 288.08 eV and a new signal related to C—N at
285.48 eV, suggesting a covalent functionalization by ODA [41]. This
result is in accordance with the ATR-FTIR spectra in Fig. 4.

From the XPS results, we calculated the C/O ratio for each ma-
terial from the high-resolution C1s, as well as the surface elemental
composition. Also, the optical band gap obtained from UV—Vis—NIR
(explained in sec. 3.2) is depicted in Table 1.

3.2. Optical band gap determination (EgP")

The analysis of the EgP' values by UV—Vis spectroscopy was
extended to the near infrared region (UV—Vis—NIR) from 200 nm to
2100 nm. This was analyzed because the absorbance of rGO-ODA
and rGO-Ag follow a different behavior when compared to GO,
i.e,, zero absorbance at greater wavelengths. However, this behavior
could be attributed to rGOs because of the linear dispersion by
Dirac's electrons [18,42,43], which is also good evidence of a highly
reduced graphene oxide, with recovered sp? hybridization.

For measurements, filtered and dried dispersions of rGO-ODA
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Fig. 4. ATR-FTIR spectra of GO, rGO-ODA and rGO-Ag. (A colour version of this figure can be viewed online.)
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Experimental

Counts s

0
282 283 284 285 286 287 288 289
Binding Energy (eV)

d) XPS C1s rGO-Ag
50000
45500 Experimental
CC---
40000 C-N
35000 CO---

0 -
282 283 284 285 286 287 288 289 200 201 292
Binding Energy (eV)

0 —
282 283 284 285 286 287 288 289 290 201 202
Binding Energy (eV)

Fig. 5. High resolution XPS C1s analysis: a) GNPs, b) GO, c¢) rGO-ODA and d) rGO-Ag. (A colour version of this figure can be viewed online.)

Table 1

Surface elemental composition, C/O ratio and optical band gap.
Sample C/O ratio N Atomic % Ag Atomic % EP* (eV)
GO 1.95 - - 3
rGO-Ag 81.84 3.85 0.065 1.49
rGO-ODA 99.77 191 - 11

and rGO-Ag were carried out in acetonitrile at a concentration of
0.05mgmL~! and sonicated for 30 min. Acetonitrile was used to
prepare the dispersions due to its optical transparency in the
UV—Vis—NIR range, which is shown in Fig. 6 with a pink dashed
line 4. Thus, the spectra measured for rGO-ODA and rGO-Ag
represent only a contribution of the corresponding material.

For instance, the spectra of rGO-ODA and rGO-Ag show peaks
around 255nm and peaks at ~1400nm and ~1900 nm, corre-
sponding to C—N and its overtone [44]. It should be noticed that
rGO-ODA presents a higher absorbance than rGO-Ag, despite the
fact of being at the same concentration (0.05 mgmL™1).

In order to analyze GO in UV—Vis—NIR, the exfoliation phase
was performed in methanol. As one can see from Fig. 6 (dotted grey
curve 5), the absorbance of methanol only influences from 200 nm
to 240 nm and from 1480 nm to 1870 nm. Therefore, the regions of
interest could be analyzed, observing a clear difference in absorp-
tion between rGO-ODA and rGO-Ag compared to GO, attributed to
C—N peaks located at 1400 nm and 1900 nm [44].

It is difficult to determine the absorption onset and directly
deduce the band-gap from it. Therefore, in order to analyze the
indirect Egpt values with a more precise approach, Tauc plots were
performed and are shown in Fig. 7 using the UV—Vis—NIR data. The
Tauc's relation [12,45] is:

(ahw)? = (hv) — Eg (1)

From Lambert Beer's law the coefficient («) was obtained using
the absorbance (A) and transmittance (T) (in Eqgs. (2) and (3)):

A= —Logmi (2)
Io
And
T—1l_ew 3)
Io

It can be noticed that a is described in absorbance terms, as
presented in Eq. (4), considering that the optical path (z) is equal to
1cm:

o= —Ln(lO*A> (4)

After this, we only need to convert the wavelength (1) into en-
ergy, using the Planck’s constant (h) in eV units and the velocity of
light (c) (described in Eq. (5)):

hc
EZTZIW (5)

Using the results calculated with Egs. (1)—(5), we constructed
the Tauc's plot to determine the Egpf value, extrapolating a tangent
line (dotted) to achieve intersection with the x axis (Eg" in eV), as
shown in Fig. 7.

As a matter of fact, after the chemical reduction -the initial Egpt
of 3 eV for the GO- undergoes a considerable decrease, reaching the
value of 1.1 eV for rGO-ODA and 1.49 eV for rGO-Ag. Similar results
have been reported for the synthesis performed with ascorbic acid
or fructose in water dispersions [16]. However, in our case, the
synthesis technique has the benefit of shorter reaction time (2 h)
and the final product is functionalized and is dispersed in the
desired organic solvent, preventing the agglomeration. Since both
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Fig. 6. UV—Vis—NIR spectra of GO, rGO-ODA, rGO-Ag, acetonitrile and methanol. (A colour version of this figure can be viewed online.)
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Fig. 7. Tauc's plots of GO, rGO-ODA and rGO-Ag. The extrapolation of the dotted tangent lines, intersect the x-axis, defining the E‘g’” accordingly with Eq. (1). (A colour version of this

figure can be viewed online.)

materials were synthesized under the same conditions, the differ-
ence in Egpt values can be explained by the presence of silver ions,
which were also reduced by the ascorbic acid-6-palmitate, in the
case of rGO-Ag.

In addition, we present the absorption coefficient ¢ (Fig. 8),
which was calculated by Eq. (6) using absorbance (A), concentration
(c) of the rGOs and the optical pathway (b) (fixed to be 1 cm).

A
&€= be (6)

In Fig. 8, rGO-ODA presents a higher absorption coefficient
compared to rGO-Ag. Moreover, all the rGOs exhibit strong [46,47]
absorption in the ultraviolet region, showing potential applications
for developing UV detectors.

3.3. HOMO-LUMO levels and electrochemical band gap (Eg")

The study of energy levels corresponding to the highest occu-
pied molecular orbital (HOMO) and the lowest unoccupied mo-
lecular orbital (LUMO) was performed with cyclic voltammetry (see
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Fig. 8. Absorption coefficient of rGO-ODA and rGO-Ag from 200 nm to 21000 nm in acetonitrile dispersion. (A colour version of this figure can be viewed online.)

SI Fig. S5), using the onset oxidation and reduction values obtained
from the voltammetry programs. The HOMO and LUMO values
were calculated with reference against ferrocene using the
following equations [11]:

Enomo = —(Eox +5.13)eV (7)

Erumo = —(Ereq +5.13)eV (8)

By definition, the electrochemical band-gap energy (Eg") is the
energy difference between HOMO and LUMO. The Eg’ measured
directly by cyclic voltammetry present expected discrepancies in
comparison to the EgP* obtained from UV—Vis NIR data. This dif-
ference can be attributed to the intrinsic nature of the methods per
se used for the measurements, as reported by Gedefaw, D., et al. [11]
Fig. 9 illustrates the CV curves for the different materials.

The HOMO-LUMO values obtained from Equations (7) and (8)
are summarized in Fig. 10. The resulting E5’ shows a decrease, being
2.54 eV for GO, 2.18 eV for rGO-Ag and 1.21 eV for rGO-ODA, in

accordance to XPS results, where the decrease in oxygen content
lowers the value of E;. However, the addition of nitrogen and silver
nanoparticles plays an opposite effect, complicating the accurate
prediction. Fig. 10 presents the synthesized materials in compari-
son to materials commonly used as active layers for OPVs, including
P3HT: PCsBM [9] (Fig. 10a) and TQ1: PC71BM [10,11] (Fig. 10b) as a
reference. GO-ODA intermediate characteristics can be found at S5
and S6 pages in the supplementary information.

As one can see (Figs. 9 and 10), the LUMO levels of GO, rGO-ODA,
and rGO-Ag are comparable to those of PCBMs that are used in OPV
as acceptors [48]. Nevertheless, considering that the ideal E; of an
active OPV layer is expected to be around 1.75eV [49] and the
Shockley—Queisser limit for inorganic semiconducting materials is
1.34 eV [50], it might seem that the chemical reduction narrows the
band gap markedly for rGO-ODA. However, as the Eg of graphene-
based materials is related to their C/O ratio, it can be further fine-
tuned to the desired value by changing the reduction parameters,
the concentration of reducing agent and the degree of functional-
ization, as previously reported by our group [16]. Moreover, such a

Cyclic Voltametry
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Fig. 9. GO, rGO-ODA and rGO-Ag voltamperograms. (A colour version of this figure can be viewed online.)
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Fig. 10. Diagram summarizing HOMO-LUMO energy levels and band gap. a) P3HT:PCBM ” [9] b) TQ1:PCBM ™ [11] ) [10], as well as the synthesized GO, rGO-ODA and rGO-Ag. (A

colour version of this figure can be viewed online.)

low value of Eg opens a new area of study concerning the possible
applications of the synthesized materials in the near infrared re-
gion, i.e., in the field of sensors and transparent PV [51].

3.4. Polymer: rGOs blending feasibility

In order to analyze the viability to incorporate rGO-ODA and
rGO-Ag into the active layer of an OPV cell, absorbance tests were
performed in films deposited by spin coating at 1000 rpm for 30s.

We used TQ1:rGO-ODA and TQ1:rGO-Ag dispersed in toluene with
a ratio of 1:1 in [5mgmL~!]. The UV—Vis spectra of the corre-
sponding materials are shown in Fig. 11. The spectra from the films
corresponding to TQ1:rGO-ODA and TQ1:rGO-Ag present a
displacement from the baseline, which is probably due to the light
scattering of rGO. It is important to notice the bathochromic shift of
the TQ1:rGO-ODA blend (dotted lines in Fig. 11) attributed to a
synergy between the rGO and TQ1 (wider Eg), allowing to harvest a
greater number of photons and, therefore, a greater exciton

UV-Vis TQ1:rGOs 9:1 ratio
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0.4
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Fig. 11. UV—Vis spectra of blended films TQ1:rGOs at 9:1 ratio. (A colour version of this figure can be viewed online.)
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photogeneration [52].

The quality of the films was further studied with surface
roughness analysis performed by a profilometer. For comparison
purposes, the roughness of the glass and pure TQ1 film were also
included in Fig. 12. A higher roughness is observed for the TQ1:rGO-
ODA film, and the lower one for the TQ1:rGO-Ag film. This can be
explained as a result of the better solubility of rGO-Ag and a
possible agglomeration for rGO-ODA. The TQ1:rGO-Ag film pre-
sents a very smooth surface, which is of particular interest for OPV
and other thin film applications.

3.5. GO lateral dimensions

It is important to determine the size of rGO flakes. Therefore,
SEM and DLS were performed, indicating that the average lateral
dimensions for rGO-ODA and rGO-Ag were ~80 nm. Samples were
studied by SEM in STEM mode, adding 5 L of GO [0.01 mg mL ']
onto a TEM grid Formvar 300 mesh Cu and drying the droplets at
room temperature. The graphene oxide micrograph is shown in
Fig. 13a. DLS measurements for the size distribution of graphene
oxide in water dispersion were also performed, yielding a sym-
metric bell-shaped distribution (Fig. 13b) with an average size of
84.1 nm and a range between 20 nm and 400 nm. This concurs with
the size acquired from STEM measurements.

It is important to mention that DLS is an indirect technique,
measuring fluctuations on dispersions due to Brownian motion
that allows calculation of the diffusion coefficient, using the Stokes-
Einstein equation, providing the particles’ size in dispersion that
is considered to have spherical geometry [53]. Therefore, this
approach rarely applies to graphene-like materials. Although, some
publications describe the GO in aqueous dispersion as a spherical
structure, depending on the values of pH and zeta potential con-
ditions [54—56], which is correlated to the results reached by STEM.
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Fig. 12. Roughness analysis of blended films of TQ1:rGOs. (A colour version of this
figure can be viewed online.)
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Fig. 13. Size of graphene oxide particles. a) STEM image of GO and b) Size distribution
of GO by DLS. (A colour version of this figure can be viewed online.)

From these results, we can conclude that our method for syn-
thesizing different functionalized GOs yields the bandgap value Eg
comparable to the commonly used PCBM acceptors in OPVs. The
synthesized rGOs feature good solubility in non-polar solvents such
as toluene, oDCB with concentration up to 10mgmL~' and
5mgmL~! in chloroform. And for GO, in polar solvents like water
and methanol, which enables its use in OPVs and organic elec-
tronics as well.

4. Conclusions

Organic semiconductor materials based on graphene oxide with
controlled Eg and good solubility in organic solvents were devel-
oped. Additionally, this process allows circumventing the re-
stacking of the layers and stability problems, as the whole pro-
cess was carried out in solution. Thus, the van der Waals forces and
-7 interactions of the layers were overcome. The simplicity of the
functionalization, eco-friendly chemical reduction and low-cost of
the initial material compared with PCBMs, are some of the main
benefits that open an area for improvement for the synthesis of rGO
as a promising candidate for various applications. Because these
graphene-based materials have an absorbance in the UV—Vis re-
gion, they can be used from OPVs to other organic electronics, such
as sensors, OLEDs, and photodetectors. Moreover, the HOMO and
LUMO levels measured for GO, rGO-ODA, and rGO-Ag reported in
this study will be useful for OPV application and may also inspire
the community to explore other potential applications.
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