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Abstract Among a diverse set of properties, graphene
is also noted for its electrochemical and catalytic capabili-
ties. These can also be influenced by functionalization of
graphene. This study reports the chemical functionaliza-
tion of graphene oxide (GO) with an aromatic compound
4-hydroxy-4'-n-pentylbiphenyl, by an esterification reac-
tion. Formation of new coupled product was investigated
through scanning electron microscopy, X-rays diffractom-
eter, Fourier-transform infrared, and UV-Vis spectrometry
studies. UV-visible spectrometry also indicated an increase
in band gap energy, likely due to the Burstein—Moss effect.
Electrochemically, the esterified product was found to be
better than GO in terms of triiodide reduction, which gives
plausible worth to exploring this functionalization strategy
further for the development of counter electrode materials
for dye-sensitized solar cells.

1 Introduction

Graphene was discovered in a Nobel-winning experiment
in 2004 and since then, it has been the center of attention
of a large number of studies [1]. The material character-
istics, such as huge surface area, outstanding mechanical
strength, ~97% optical transparency, excellent electronic-
transport and thermal conductivityare a few among many
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of its remarkable properties [1-5]. This makes it an attrac-
tive material for research and its potential use is expected to
be a life-changer for a variety of applications, such as elec-
tronic devices, sensing applications, energy generating and
storage applications and in biomedicine and biotechnology
[6-14].

Graphene and related materials, such as graphene oxide
(GO), have also been explored for their electrochemical
catalytic activity in various systems [15, 16]. In numerous
studies, it has been conjugated or functionalized with other
materials for improvement in performance [17, 18]. There
are two basic functionalization schemes for graphene:
chemical functionalization bycovalent linkages, or physi-
cal coupling via m—x interactions [19]. Researchers have
reported functionalization of graphene with various moie-
ties, ranging from small organic molecules and polymers to
nanoparticles and even biomaterials for desired properties
and applications [18]. Composites of the kind have been
tested for their capability for oxygen reduction, glucose
oxidation, hydrogen peroxide reduction and reduction of
industrial chemicals [20-25].

One burgeoning area that graphene and its conjugates
have found is the electrochemical reduction of triiodide to
iodide in photoelectrochemical systems known as dye-sen-
sitized solar cells (DSSCs) [16, 26]. DSSCs employ a nano-
porous layer of titanium dioxide, sensitized with an organic
dye [26]. This ‘photoanode’ is a part ofsandwich-type cell
filled with an electrolyte containing a redox couple, mainly
iodide/triiodide [26]. The dye, excited by photo irradia-
tion, injects an electron into the conduction band of titania
[26]. When this electron re-enters the cell at the cathode,
or counter electrode, platinum catalyst helps in the reduc-
tion of triiodide to iodide, which in turn helps in the regen-
eration of the oxidized dye to maintain performance of a
DSSC [26, 27]. Platinum catalysts have high costs and are
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susceptible to poisoning by the electrolyte, hence a number
of alternatives are being experimented upon, which include
carbon compounds [28]. In the past, carbon black and
graphite powders have been found to make for stable cata-
lytic counter electrodes due to their porous structures and
roughness [28]. Carbon nanotubes have also been exploited
for the purpose and their performance has been found to be
dependent on layer thickness and defects density [29].

GO has also been used as the catalytic counter elec-
trode and its performance have been found to be compa-
rable to platinum catalysts, with more defects and oxygen
functionalities aiding the catalytic activity [30]. Excellent
performance has also been reported for thermally reduced
GO [31]. Counter electrodes based on exfoliated graphene
sheets have demonstratedan efficiency that is 0.8 times
compared to cells with platinum based counter electrodes
[32]. Graphene sheets have also been oriented in a vertical
manner to expose more edges at the surface for improve-
ment in catalytic performance, as edges are believed to pro-
vide the active sites for catalysis [33, 34].

A variety of modifications have also been studied in
this regard which report a positive effect on the catalytic
activity of graphene and GO. The incorporation of nitro-
gen atoms into carbon networks can significantly improve
their electric and reactive properties, which is particularly
important in catalysis due to the creation of new active sites
[35]. Graphene has also been functionalized with nitric
acid, and fluorine atoms, that has led to composites with
better reaction kinetics [36, 37]. Surface functionalized GO
with polyelectrolytes has been carried out for modulation of
their catalytic activity towards triiodide species in a DSSC
[31, 38]. Non-covalent functionalization with polymers like
polypyrrole and covalent attachment with PEDOT-PSS and
PVP have also been described as counter electrode mate-
rials fulfilling the same purpose [39—41]. Increased elec-
trocatalytic performance of GO is attributed tobetter con-
ductivity of composites; introduction of a positive charge
that attracts negatively charged triiodide;surface area, mor-
phology of graphene film, and the presence of defects and
functional groups, which provide additional active sites for
catalysis [30, 31, 38—42].

In this study, we report the chemical functionalization of
GO to 4-hydroxy-4'-n-pentylbiphenyl (HPBP) via an esteri-
fication reaction. The product was analyzed, structurally,
chemically and optically for confirmation of covalent graft-
ing of both molecules. It was further investigated for its
electrochemical performance through cyclic voltammetry
(CV) and electrochemical impedance spectroscopy (EIS)
for potential application as a catalytic counter electrode in
DSSCs. We expected that the two-ring structure of HPBP
would impact the electron cloud of GO and would change
its optical and catalytic behavior and may prove to be a bet-
ter alternative than GO for the aforementioned application.

To the best of our knowledge this is the first report investi-
gating the chemical functionalization of GO with HPBP for
application as a counter electrode in DSSCs.

2 Experimental
2.1 Materials and methods

Single layer GO was purchased from Graphene Super-
market, US. N, N'-Dicyclohexylcarbodiimide (DCC) and
4-dimethylaminopyridine (DMAP) were used as catalysts
in the esterification reaction and were both from Sigma
Aldrich (98%). The solvent employed for esterification
reaction was dimethyl sulfoxide (DMSO), (Daejung,
99.5%). 4-hydroxy-4'-n-pentylbiphenyl (MIS Scientific,
China, 98%)molecule was used for the functionalization of
GO sheets. Indium tin oxide (ITO) coated glass substrates
(resistance <7 Q/cm?) were used for optical profilometry,
CV, and EIS. ITodide/triiodide electrolyte for electrochemi-
cal studies was from Solaronix SA, Switzerland while Pt
coated glass were from Solaronix SA, Switzerland.

2.2 Functionalization of graphene oxide (GO)

GO was functionalized by esterification, based on the pro-
tocol mentioned by Gan et al., 2015 [43]. Briefly, 0.05 g
(50 mg) of GO was suspended in 10 mL. DMSO and soni-
cated for 90 min. It was then poured into a round bottom
flask and set to stirring for another 30 min. DCC (2.0 g)
and DMAP (1.7 g) were added to this mixture and stirring
was continued for 30 min. Subsequently, 0.007 g (7 mg) of
HPBP was dissolved in 10 mL DMSO and poured into the
stirring mixture. Reaction mixture was stirred under inert
atmosphere (argon) for 4 days at 60 °C. Finally, the reac-
tion was quenched by the addition of 200 mL of metha-
nol, divided into 15 mL falcon tubes and centrifuged at
4000 rpm for 3 h. The supernatant was discarded and the
mixture was washed with acetone followed by washing
with hot water (thrice, ~60 °C). The esterified product was
dried overnight at 60 °C and named as GO-R (Fig. 1).

2.3 Sample preparation for electrochemical studies

Fresh ITO glass slides were washed with mild soap solu-
tion (sonicated for 10 min) followed by successive wash-
ings in distilled water (5 min+35 min), acetone (10 min)
and distilled water (5 min+5 min). GO and GO-R suspen-
sions were prepared in DMSO (0.5 mg/mL) and sonicated
for 90 min. 20 pL of the suspension was drop casted on the
conductive side of ITO glass (two slides each for GO and
GO-R), leaving a 0.2 mm strip on each slide for electri-
cal contacts during measurements. The slides were dried
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Fig. 1 Reaction scheme for the esterification of graphene oxide (GO) to GO-R

overnight at 50°C. Two platinum coated glass slides were
also washed according to the protocol mentioned above.
These were then dried and fired at 400 °C for an hour in a
blastfurnace.

Paraffin film spacers were prepared with a negative area
of 0.8 cmXx 1 cm. These were centered on one of the slides
and a drop of iodide/triiodide electrolyte was placed in the
center. The other slide of the pair was clamped on top with
binder clips holding the assemblage. Four such sandwich
cells were prepared, namely an ITO blank cell, a Pt-Glass
cell, and GO-ITO and GO-R-ITO cells. Effective cell area
was 0.8 cm®.

2.4 Characterization

SEMof GO and GO-R (ultra-pure water based) was per-
formed on JEOL JSM 6490 (LLA) at an acceleration volt-
age of 20 kV.STOE Powder X-rays diffractometer was used
for recording XRD results of dry sample powders with Cu
K, radiation (A=0.154 nm) from 5° to 80° (26). Powdered
samples were incorporated into a KBr pellet and spectra
were recorded between 4000 and 400 cm~! wavenum-
bers for FT-IR spectroscopy (PerkinElmer spectrum 100).
Samples for UV-Vis spectrophotometry were prepared in
DMSO for HPBP and ultra-pure water for GO and GO-R

@ Springer

and were measured using T-60 UV—Vis spectrophotometer
(PG Instruments), with a wavelength sweep from 1100 to
200 nm. Optical profilometer utilized for calculating the
roughness and thickness of the sample coated on glass
slides was from Nanovea (Model PS50). Electrochemical
studies, CV and EIS were carried out on a multipotentiostat
(BioLogicVSP system), using sandwich cells prepared as
mentioned in Sect. 2.3. CV analysis was carried out from
+1.0 to —1.0 V with a scan rate of 100 mV/s. EIS meas-
urements were recorded in a frequency range of 1-400 kHz
with a 10 mV magnitude of alternating signal. Z-Fit in EC
lab software (version 10.40) was used for fitting of EIS
data.

3 Results and discussion
3.1 Visual inspection and microscopy

GO formed a dark brown colored suspension which was
miscible in common hydrophilic solvents. After esterifica-
tion, it transformed to a much darker, blackish shade which
was observed to form less stable dispersions in water, etha-
nol, and acetone but partially stable suspensions in DMSO
under extended sonication. Since structure of HPBP shows
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that it is relatively hydrophobic in nature, when hydroxyl
groups of HPBP react with carboxylic acid groups of GO
to form ester bonds, hydrophilicity of GO reduces [44].
Hence, above behavior regarding dispersion of final prod-
uct in various solvents may have originated from the sur-
face functionalization of GO.

SEM micrographs are shown in Fig. 2, where (a) depicts
GO before esterification reaction and (b) shows the esteri-
fied GO i.e. GO-R. SEM results do not visually show any
remarkable change in morphology of GO, but it can be
seen that while GO shows well-adhering, spread out sheets,
GO-R forms flakes that stand out from the background,
likely as an effect of edge-functionalization of hydrophilic
GO sheets with hydrophobic HPBP moiety.On the basis of
the clear micrograph of functionalized conjugate at xX3700
magnification in the (b), it may also be safely assumed that
functionalization caused aggregation of sheets to some
extent, due to the incompatible nature of the GO sheet and
HPBP, to achieve a stable, lowest energy orientation.

3.2 X-ray diffraction

GO displays a single peak at 9.6° representing reflection
from 001 plane. Based on Braggs law, d-spacing is cal-
culated to be 0.91 nm. In the case of functionalized com-
pound, we observe that the peak for GO disappears and two
other peaks appear instead, at 7.5° and 10.4°, equating to a
d-spacing of 1.16 and 0.84 nm, respectively. GO-R further
exhibits four prominent peaks, at 17.2°, 20.1°, 21.7°, and
44.1°.Although changes in the morphology of the sheets
werenot detected in SEM micrographs, these additional
peaks in XRD show that functionalization induced molecu-
lar changes in the synthesized conjugate which differed

10kV  X1,500 2015 10 50 SEI

10pm

significantly from GO with respect to its structural confor-
mation (Fig. 3).

3.3 Fourier transform infrared (FT-IR) spectroscopy

FT-IR show peaks typical for GO at 3388 cm™ correspond-
ing to the presence of hydroxyl groups, 1739 cm™! peak
representing the stretching vibrations of C=0 of the car-
boxylic acid group [45]. Absorption at 1613 cm™'can be
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Fig. 3 XRD results of GO, GO-R and HPBP indicating a typical
peak of GO at 9.6° (20), while number of peaks for GO-R that do not
show up in either GO or HPBP, indicating the formation of a signifi-
cantly different structure
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Fig. 2 Scanning electron micrographs of a graphene oxide (GO) and b esterified graphene oxide (GO-R)
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attributed to the vibrations of aromatic rings of graphene
backbone [46]. The peak around 1200 cm™! shows the
stretching vibrations of C—-OH bond [46]. Deformation
of the C-O bond can be linked with the intense band at
1050 cm™" [45].

After functionalization, coupled product showed signifi-
cant differences in FT-IR spectra, representing the success-
ful chemical functionalization of GO (Fig. 4). The appear-
ance of two peaks at 2900 cm™! (-CH-stretching vibration)
indicated that the resulting product contained more CH
groups [43]. The broad nature of OH absorption observed
at 3388 cm™! also decreased in its intensity. The consider-
ably diminished peak at 1739 cm™! combined with absorp-
tion at 1246 cm™!can be attributed to the C=0 and C-O
stretching of the ester bond [46].

3.4 UV-Vis spectrophotometry

UV-Vis spectrophotometry was performed to calculate the
band gap of the material by cut-off method and to deter-
mine the amount of conjugation and electron delocalization
in the GO and coupled product. In this case, A, indicates
the degree of oxidation or reduction of GO. Therefore, in
our case, GO shows a broad absorption peak with a A, of
235 nm. The shoulder around 300 nm indicates the n— m*
transitions of the carbonyl groups present in GO [47].

In the case of functionalized compound, two absorp-
tion maxima were observed;the first peak has a maximum
absorption at 278 nm while the second peak falls into
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Fig. 4 FT-IR spectra of GO, GO-R and HPBP. Results confirm the
formation of ester bonds between GO and HPBP

@ Springer

the extreme UV range (or lies blue-shifted to the original
absorption peak of GO). First peak is assumed to be due
to the presence of HPBP moiety while the original peak
of GO is also blue-shifted [48]. Such electronic changes in
the band structure of the coupled product could be attrib-
uted to the Burstein—Moss effect which propose that elec-
tron withdrawal leads to occupation of electronic states in
the conduction band and consequently to an increase in
Fermi level and band gap energy [49]. This behavior is fur-
ther supported by the better electrochemical performance
of our coupled product which attracts triiodide more effi-
ciently towards its surface [31, 38]. A blue-shift in the cut-
off wavelength value is also observed for the first peak of
GO-R (compared to HPBP). These shifts indicate that after
covalent functionalization, two compounds interacted with
each other at the molecular and electronic level, observed
through shifting of absorbance in the given spectra (Fig. 5).

The band gap energy of the compounds was also calcu-
lated by the cut-off method, using the equation:

_hee
)

where £ is the Planck’s constant (6.626x 1073%), ¢ is the
speed of light (3x10% ms™!), and A is the cut-off wave-
length recorded by taking the x-intercept at the point of
increasing absorption with respect to the baseline. HPBP
compound gave a cut-off value of 338 nm and the first
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Fig. 5 UV-Vis spectra of GO, GO-R and HPBP. GO and HPBP
show absorption maxima at 235 and 278 nm respectively while GO-R
shows two peaks, one at 278 nm the other blue-shifted to the original
GO peak
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Table 1 Band gap energies for the GO, GO-R and HPBP compounds

Sample Amax (M) Cut-off A (nm) Band gap
energy £
eV)

GO 235 - -

GO-R 278 314 3.956

HPBP 278 338 3.675

Table 2 Values for arithmetic average roughness (R,) and root mean

square roughness (R,,,,;) obtained through optical profilometry

Sample Ra (nm) er.& (nm)
ITO 4947 7256

GO 7127 10,475
GO-R 339 1035

peak of GO-R gave cut-off at 314 nm, which gives a band
gap energy of 3.675 eV for HPBP and 3.956 eV for GO-R
(Table 1).

3.5 Optical profilometry

To gauge the roughness factor and whether it has an effect
on the electrocatalytic performance of GO and GO-R,
we conducted optical profilometry of the samples which
were drop casted on ITO electrodes and dried overnight
at ambient temperature (Table 2). It can be seen from the
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Fig. 6 CV results shown for platinum on glass, ITO glass, GO coated
on ITO glass, and functionalized compound, GO-R, coated on ITO
glass. The right-hand side graph shows the same results, but without
those of platinum cells. Platinum gives the highest current density

arithmetic average roughness value (R,) and root mean
square roughness (R,,Jthat while GO had considerable
roughness as compared to bare ITO glass; the esterified
conjugate gavea much lesser value. Therefore, in the pre-
sent study, surface roughness has not been considered in
the final interpretation of electrocatalytic activity of GO
and GO-R compounds.

3.6 Electrochemical behavior

The electrochemical performance of the material was
measured through CV and EIS in a symmetric cell with an
iodide/triiodide electrolyte. CV was performed from —1.0
to 1.0 V at a scan rate of 100 mV/s. Difference in volts
between the oxidation and reduction peaks of a reaction
(E,,) and the current density exhibited by the compound
(1,) are the factors that are important in determining the
catalytic activity of a material with respect to CV. Gener-
ally, two pairs of oxidation and reduction peaks appear for
iodide/triiodide redox couple, corresponding to the redox
reactions between I,/I;~ and I"/I;~. Although in the present
case, peaks (Fig. 6) did not achieve much resolution, how-
ever, it is apparent that the current at platinum electrodes
started to climb much earlier followed by the coupled prod-
uct, GO and ITO samples. It is also evident from the graphs
that the platinum electrode showed the highest current den-
sity. However, among the other three compounds, coupled
product exhibited a greater current density compared to GO
and bare ITO slides. Therefore, coupled product assumed

0.4
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—GO-ITO
—GO-R-ITO
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among all four, corresponding to the least charge transfer resistance
(R.) while GO-R comes second followed by the current densities for
GO and ITO
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to showa better catalytic activity as compared to either GO
or ITO, also reflected from EIS data.

EIS measurements were recorded for the same sym-
metric cells, having iodide/triiodide electrolyte, and were
recorded over a frequency range of 400-1 Hz with avoltage
amplitude of 10 mV. The data obtained wereanalyzed using
Zfit in EC-Lab V10.40 software, with Randomize + Lev-
enberg—Marquardt algorithm (randomization was stopped
at 10,000 iterations and fit was stopped at a relative error
of 1e 9. A simple Randles circuit (Fig. 7) was used as an
equivalent circuit for the fit. A Warburg impedance element
was employed in series with the charge transfer resistance
(R.) and a constant phase element (CPE) was used instead
of an ideal capacitor for a better fit.

The data were plotted in the form of a Nyquist plot
(Fig. 8), representing a complex plane with the imaginary
y-axis encompassing values for the capacitive component

CPE

W

Fig. 7 The equivalent circuit employed for fitting of EIS data

of impedance and x-axis describing the resistive parameter.
Each dot on the complex plot is obtained from information
gained at a particular value of frequency during the fre-
quency sweep, with the dot closest to the origin represent-
ing data recorded at the highest frequency. Magnitude of
impedance increases with lowering frequency.

Typically, EIS results for symmetric cells show two to
three semi-circles: the high frequency region is specific to
the RC network at the interface, and the semi-circle at this
end is attributed to the charge transfer processes [31, 50].
Between 0.1 and 10 Hz, impedance refers to the diffusion
impedance called the Warburg impedance, which arises
from mass transport limitations due to diffusion in the elec-
trolyte [29, 50]. The series resistance at higher frequencies,
where the phase difference is zero, shows the total resist-
ance of the external circuit, including wiring and resistance
of transparent electrodes, and resistance imposed by the
liquid electrolyte in bulk [29]. The series resistance can be
calculated by taking the x-intercept of the plot at the high
frequency end.

In our case, the semi-circles expected in the Nyquist
plots failed to resolve clearly and the response obtained
could be approximated to a straight line. A linear correla-
tion between real and imaginary impedance in such a graph
may depict a diffusion-limited process with facile electron
transfer [51]. A vertical line along the x-axis describes
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an ideal capacitance, and the closer the line is to a phase
shift of 90°, the more ideal the capacitance is consid-
ered and less charge transfer is expected [52, 53]. Cheng
et al. have described the slope of this line as a representa-
tion of the diffusion resistance within the porous network
of the electrode and the sample material, with an increase
in slope depicting lowered diffusion resistance within the
material [52]. In a previous study with multi-walled car-
bon nanotubes, a straight line obtained for catalytic activ-
ity was resolved into three semi-circles as sample deposi-
tion was increased as a function of time [54]. Therefore, it
can be inferred that increasing sample loading on the elec-
trodes would alter the electrochemical response and can be
explored in future.

Charge transfer resistance is a measure of the catalytic
activity of the counter electrode. In our case, platinum-
gave the best performance with a charge transfer resist-
ance of 75.17 Q and a series resistance, corresponding to
the resistance of the external circuit and liquid electrolyte,
was found to be ~122 Q. Compared to Pt-Glass, ITO-Glass
had a much higher charge transfer resistance of 45.9 kQ.
However, upon coating the ITO-Glass with GO and func-
tionalized GO samples, there was a remarkable reduction in
charge transfer resistance from 45.9 to 7.8 kQ in the case of
GO and down to only ~2.9 kQ in the case of functionalized
GO (GO-R). This can be attributed to better conductivity of
GO-R sample also evident from CV results (Table 3).

In the case of series resistance, the symmetric cells with
GO electrodes showed the least resistance of ~77 Q which
slightly increased for the GO-R (~90 ). Series resistance
is affected by conductivity of the material, inter-particle
resistance and contact resistance between ITO and GO,
and hence, might indicate less contact resistance between
GO sheets and ITO as compared to the GO-R [52]. While
GO-R showed a considerable decrease in charge transfer
resistance compared to its GO counterpart; GO was found
to have a better circuit resistance value, likely due to the
lowered contact resistance between GO sheets and ITO
surface.

Table 3 Data on the electrochemical behavior of various samples

Sample EIS CV

R, (Q) R, (Q) I, gy (mA) 1, o, (MA)
Pt-glass 122.1 75.17 —4.284 11.096
ITO-glass 161.6 45,914 -0.077 0.064
GO-ITO-glass 77.0 7866 —-0.058 0.060
GO-R-ITO-glass 90.9 2989 —-0.281 0.320

Values obtained for series resistance and charge-transfer resistance
for each sample after fitting with equivalent circuit. Maximum current
density recorded through CV measurements is also included

4 Conclusions

In this study, we show the covalent edge-functionalization
of GO and its electrochemical performance in terms of trii-
odide reduction for its potential use as counter electrode
material in a DSSC device. While much change in mor-
phology was not observed, FTIR and XRD results showed
the formation of ester bonds and the consequent synthesis
of a new compound with differing structural characteristics.
UV-Vis spectrophotometry showed two distinct peaks, one
arising from HPBP compound and the other from GO, with
a blue-shift attributed to the Burstein—Moss effect. The
esterified compound showed a better electrocatalytic activ-
ity as compared to regular GO and blank ITO glass slides,
which may be attributed to its higher conductivity, clearly
observable in cyclic voltammograms. Thus behavior can be
attributed to the presence of HPBP on the basal plane of
GO with a relatively low electronic density and serving as
meansfor electrostatic attraction towards negatively charged
triitodide molecules, and hence resulted in better electron
transfer kinetics. In future, we hope to further explore the
effect of functionalization of GO with ringed structures on
its electrochemical behavior and develop materials that can
be used as the catalytic counter electrode in DSSC devices.
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