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Free-standing graphene (FSG) paper plays a vital role in a wide variety of applications as an electrode
material. Specifically, the electrical properties of FSG are the most important factor affecting its use as an
electrode material. Herein, the vacuum filtration technique is utilized to fabricate GO paper, which is
then reductively treated with HI. Initially, the electrical conductivity is measured for GO papers with
different thicknesses by varying the concentration of GO precursor as well as the reduction time. The
FSG paper with a thickness of 3 microns exhibits the lowest sheet resistance and further characterization
is carried out to reveal the origin of this enhancement of electrical properties. The low resistance is
attributed to its crystalline nature, stacking height (L.), in-plane crystallite size (L,) and defect density (np).
Meanwhile, iodide ions intercalated into the graphene layers act as hole-carriers, and their intercalation
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1. Introduction

Graphene, i.e. 2D carbon sheets, is a promising candidate in
a wide variety of applications, especially graphene-based elec-
trodes for electronic, optoelectronic and electrochemical
devices, due to the remarkable properties of graphene.® Among
the graphene family, free-standing graphene (FSG) paper-like
electrodes are experiencing rapid growth in popularity for
energy storage and conversion applications for flexible devices.?
Nevertheless, bare FSG paper as an electrode provides poor
electrochemical behaviour. Hence, it is often incorporated or
composited with an electrochemically active host material to
enhance the device performance.’ The enhanced performance
observed in FSG hybrid paper is due to its high electrical
conductivity as well as its ability to collect or withdraw electrons
effectively from/to electrochemically active materials. FSG is
prepared by various approaches based on the precursor
choice.*® Commonly, graphene oxide (GO) is preferred as
a precursor owing to large scale processability and dispersibility
in many solvents, which in turn is due to abundant functional
groups, and hence it is utilized for GO paper preparation.®
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is favoured over adsorption at the surface.

Generally, GO paper shows very low electrical conductivity
and also has higher mechanical strength than other paper-like
materials.” GO as an insulator can be converted into highly
conductive graphene paper by several techniques. Generally,
reductive treatment is preferred to thermal or chemical routes
as it allows complete restoration of sp® carbon without any
defects. It is well known that the performances of graphene
electrodes in electronic devices are based on the electrical
properties, which are greatly influenced by the synthetic
methods, as these introduce several changes in the structure
and the extent of reduction (ratio of C/O).® Reductive chemical
treatment efficiently removes the oxygen moieties from GO
paper whereas thermal treatment provides good restoration of
the sp> carbon network but less removal of oxygen functional
groups.®*® Upon exposure of GO paper to hydrazine vapour, the
electrical conductivity of GO paper increases by four orders of
magnitude from 8.5x 107> S m " to 1.7 x 10> S m ™ ". Recently,
a rapid reduction treatment was proposed in which GO papers
are immersed in hydrohalic acids, viz., HI and HBr, and the
treated papers showed remarkable electrical conductivity
around 298 and 243 S cm™ ' respectively.’*> Further develop-
ment in the electrical conductivity of FSG was obtained by
reducing GO papers using metal halides like MgI,, All;, Znl,,
and Fel,, achieving conductivities up to 550 S cm™*.3

However, it is essential to reveal the original of the electrical
property enhancement of GO paper during reduction for future
electronic device fabrication. Herein, we have chosen HI acid as
the reducing agent to reduce GO paper. After the reduction
process, it is important to characterize the resulting defects, which
directly impact the specific applications of GO paper. The electrical
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properties of HI-treated GO paper arise from the highly crystalline
nature and restored sp> network. Moreover, the variation of
stacking height, in-plane crystallite size and defect density of FSG
also affects the electrical behaviour after reduction treatment. A
significant factor is the synergistic effect of the iodide ions that
intercalate into FSG paper during reduction treatment. Hence,
adjustment of the parameters that influence the electrical behav-
iour may be utilized for specific electronic device applications.

2. Experimental

Graphene oxide was prepared according to a previous report.*
GO powder was well dispersed in 5 mL of distilled water with
different concentrations of 4, 8 and 10 mg mL ™" under a probe
sonicator for 1 h. These three concentrations of GO were sub-
jected to vacuum filtration to obtain homogeneous free-standing
GO paper. The obtained GO papers were reduced by dipping
them in HI solution for different intervals of 0.5, 1 and 24 h and
denoted as FSG1, FSG2 and FSG3 respectively. All the samples
were washed with pure ethanol and distilled water, followed by
heating in a vacuum oven overnight before characterization.

2.1 Characterization

Raman spectra of graphite and graphene oxide were obtained to
characterize the surface defects and sp> hybridization of the
graphene sheets (RENISHAW, The Netherlands) at the excita-
tion wavelength of 532 nm with exposure time of 10 s (100%
intensity). The structures of the FSG papers were determined by
using a PANALYTICAL (The Netherlands) powder diffractometer
with Cu Ka (A = 1.5406 A) radiation at a scan speed of 2° min—*
and a step size of 0.03° in the range of 5° = 26 = 90°. The
functional groups were determined by FT-IR analysis with
a BRUKER TENSOR 27 spectrometer in the wavenumber range
of 4000-400 cm . Scanning electron microscopy (SEM) was
used to observe the surface morphology and cross sectional
images of the FSG papers (TESCAN, Czech Republic), with the
magnification of 5000 x. The electrical conductivities of the FSG
samples were measured by a four-point probe (SES Instruments,
India) attached to a PID controlled oven. The electrical prop-
erties and IV curves were measured by Hall effect measurement
apparatus (ECOPIA-HMS, South Korea) by applying 1 mA
current and 0.5 Tesla magnetic field. All the electrochemical
characterizations were performed using an SP-150 instrument
(Bio-Logic, France). The thickness of the FSG paper was
measured by an ELCOMETER 456 ferrous substrate.

3. Results and discussion
3.1 Reduction mechanism

The possible reduction mechanism of GO paper in HI solution is
shown in Scheme S1.7 GO colloidal solution was synthesised from
graphite by the modified Hummers' method and filtered to obtain
free-standing GO paper with controlled thickness by varying the
GO concentration. As GO consists of epoxy, hydroxyl and carboxyl
groups, it behaves as an insulator. When the GO paper was
immersed in HI solution, the colour of the solution turned deep

33782 | RSC Adv,, 2019, 9, 33781-33788

Paper

red, which implies a rapid reaction. During the process, the
hydrogen of HI attacks the oxygen in an epoxy group, which forms
an oxo cation and leaves behind an iodide ion on the graphene
surface. The oxo cation of the epoxy ring splits into two hydroxyl
groups and forms a C-I bond upon removal of a water molecule.
Similar to the effect of HI on epoxy groups, a hydroxyl group is
reduced upon elimination of a water molecule, leaving behind an
iodide ion."*® These iodides react with one another to form iodine
and further triiodide molecules and higher iodides. These poly-
iodide species are adsorbed on the surface/interior as well as being
intercalated into the FSG paper. The iodide ions are strongly
adsorbed on the graphene sheet surfaces of the FSG paper'”*®
whereas the unreacted iodine molecules and HI are removed by
treatment with ethanol solution several times.

3.2 Effect of sheet resistance

Fig. 1(a) shows the variation of FSG sheet resistance (R;) as
a function of the thickness, which was tuned by varying the
concentration of GO, and of the reduction time. GO powders
with concentrations of 4, 8 and 10 mg mL ™" were well dispersed
in 5 mL of distilled water under probe sonication for 1 h to
fabricate GO paper followed by HI reduction. The thickness was
measured at several points on the surface of the FSG paper
using the Elcometer. For these measurements, the FSG papers
were sliced into several pieces and cross sectional images were
captured. By averaging the thicknesses obtained by the Elc-
ometer and cross-sectional imaging, an approximate thickness
was obtained. The cross-sectional SEM images in Fig. 1(b), (c)
and (d) show distinct differences in the extent of stacking at
various GO concentrations.

However, the closest stacking of graphene sheets was
observed at concentrations greater than 4 mg mL ™", indicating
that the enhancement of the hydrophilic nature of GO at higher
concentration results in a colloid, promoting the formation of
homogeneous GO papers. The sheet resistance was measured
by the four-point probe technique for all the samples as detailed
in ESL{ The change in sheet resistance as a function of FSG
thickness and GO precursor concentration is tabulated in Table
S1.t The low R, value of 8.8 Q [~ ' was obtained for the 3-
micron-thick paper produced with a 1 h reduction process.
However, changing the GO concentration to 10 mg mL " did
not cause a great difference in the sheet resistance. Hence the
concentration of 8 mg mL " was preferred for further charac-
terization to explore the origin of the electrical property
enhancement. The variation of electrical properties was ana-
lysed by measuring the Hall effect. Fig. 2 shows the I-V curves
obtained by the van der Pauw technique, and the setup for sheet
resistance measurement of the FSG samples is shown in
Fig. 2(d). The electrical and Hall effect measurement methods
and the related parameters are elaborated in ESL{

The I-V curves show the changes in electrical resistivity for
all the FSG samples obtained after different reduction times.
The currents measured do not vary between the four corners,
and the I-V curves are linear for all three FSG samples (FSG1,
FSG2 and FSG3), as shown in Fig. 2(a, b and c). This reveals the
homogeneity and uniform thicknesses of the FSG papers.

This journal is © The Royal Society of Chemistry 2019
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(a) Variation of sheet resistance with respect to FSG thickness and reduction period. (b, c and d) Cross sectional FESEM images of FSG with

different GO concentrations (4, 8 and 10 mg mL™%, respectively) at a magnification of 5000x.

Comparing the samples, the sheet resistance varies with the
reduction time, and it is evident that no physical defects appear
in the FSG papers when increasing the reduction time. The
same FSG samples were subjected to Hall effect measurement
and it was observed that these FSGs obtained by HI treatment
show p-type semiconductor nature due to the highly positive
value of charge in the bulk material. These electrical parameters
obtained by the Hall effect will be discussed later.

3.3 Structural analysis

Deconvoluted laser Raman spectra of the D and G bands for the
FSG of 3 pum thickness are shown in Fig. 3. Specifically, gra-
phene's electronic band structure changes upon dopant inter-
action or when introducing impurities. The prominent peaks
for graphene-based materials are the D, G and 2D bands, which
imply defect sites, electron-phonon coupling of sp> carbon and
second order doubly degenerate E,, symmetry respectively.'’
The electrical properties are mostly determined by the electron-
phonon coupling, therefore, the G-bands of graphene-based
materials are considered to be sensitive to doping effects and
ion impurities. For all the FSGs with different reduction times,
the G-band was relatively broad and a shoulder shift was
observed on both sides. Hence the G-band was deconvoluted by
the Lorentzian derivative into three peaks, namely D**, G and
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D’ bands, that correspond respectively to the phonon density of
states, electron-phonon coupling of sp> carbon and defective
structure of sp”> carbon.* The presence of the D’ band in all the
samples might indicate the vibrational mode of iodides inter-
acting with the graphene phonons, which broadens the G-peak.
In samples FSG1 and FSG3, the D** peak due to sp® carbon is
very intense, attributed to C-I vibrations. Additionally, the
improvement in electrical properties of FSG2 is manifested by
the narrowing of the G-band peak, i.e. the D**/D’ intensity ratio
decreases upon treating the GO paper for 1 h and hence the
sheet resistance decreases. This indicates that the C-I bonds
were converted into sp® carbon in addition to the changes in the
Fermi level. The 2D band is also very sensitive to doped/defect-
bearing graphene. Herein, we observed the shift of the 2D band
towards higher wavelength, which indicates the upward move-
ment of the Fermi level towards positive values. This also
confirms the p-type semiconductor nature of the material and is
shown in Fig. S1 (ESI}).2*** Additionally, polyiodide peaks were
observed at lower wavenumbers as shown in Fig. S21 (ESIt).

Fig. 4(a) and (b) shows the FTIR spectra of the GO paper and
FSG samples. As shown in Fig. 4(a), the content of hydroxyl
groups increased from FSG1 to FSG3, which indicates the
cleavage of epoxy rings to hydroxyl groups. The peaks at 1731
and 1624 cm™ ' are attributed to carbonyl and hydroxyl groups
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Fig. 2
electrical resistivity by the van der Pauw technique.

of carboxylic acid moieties, respectively.”*** They are totally
absent for FSG2 and FSG3, but were found in FSG1, the sample
with the highest sheet resistance. The region between 1100 and
1250 cm ™! corresponds to the epoxy groups, and was reduced in
intensity after HI treatment, and the peak at 1060 cm ™' is
attributed to carboxy or alkoxy functional groups, and varies
between the FSG samples, which indicates the reduction of GO
paper.2*2° Specifically, the peak at 1565 cm ™" that appears after
HI treatment is ascribed to sp> carbon and is strongest for FSG2,
the sample for which the lowest sheet resistance was observed.*”
In the XRD analysis, the GO peak of the [002] plane shifts to
higher degrees, namely 24.3°, 24.4° and 24.34° for 0.5, 1 and
24 h HI-treated GO respectively. The [002] peak of FSG2 is
closest to that of the graphitic plane and also the narrowest, and
thus confirms the restoration of sp> carbon for the sample.?®
This indicates that 1 h treatment is sufficient for highly ordered
sp> carbon, leading to higher electrical conductivity.

3.4 Factors affecting sheet resistance

From the structural analysis, it is clear that the interaction
between graphene sheets and iodides dominates the electrical
properties of all the samples. Raman and XRD data were
extracted and correlated with the electrical properties of each
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|-V curves measured by the van der Pauw method of (a) FSG1, (b) FSG2 and (c) FSG3. (d) A schematic diagram showing the measuring of

sample to understand the impact of the reduction period. Table
1 shows the correlation between electrical, Raman and XRD
parameters. Among the HI-treated GO papers, FSG2 shows the
lowest R, and Hall coefficient (R,) and highest carrier density
due to having the strongest interaction between graphene
sheets and iodides. It is well known that Raman characteriza-
tion is the best tool to analyse the effects of doping and defects
in graphene. Doping of graphene sheets may occur in several
ways: electrostatic doping, adsorption of impurities, substitu-
tions or interstitials, etc., and all can be characterized by Raman
spectroscopy.** Rather than doping, however, the density and
separation distance of defects dominate the quality of graphene
and its electrical properties.*****® Shlimak et al. observed that
the defect density Ng and average distance between defects Ly,
calculated using the Ip/Ig ratio, were directly related to the
electrical properties of graphene.* Similarly, the GO paper
treated with HI solution for different periods of time was
characterized by Raman spectroscopy and the Ngq and Lgq were
calculated from the I,/I; ratio as follows:
Ls* = 1.8 x 1077 3 *(UglIp) (1)

Ng = 1.8 x 10 A, *Upllc) (2)

This journal is © The Royal Society of Chemistry 2019
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For optimum improvement of electrical properties, the
defect density should be minimized and an appropriate
doping concentration should be chosen, which lead to a lower
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sheet resistance of graphene. However, the reduction of GO
leads to higher Ng compared to pristine graphene due to the
presence of fewer sp® carbons. A low defect-density regime was
found in FSG2, which provides lower sheet resistance, con-
firming the effective restoration of sp> carbon as well as
improvement of crystalline nature after 1 h HI treatment.
From the XRD analysis, the increased intensity of the FSG2
[002] plane compared to the same plane in FSG1 and FSG3
confirms that the sp? restoration is better in FSG2. However,
iodide intercalation occurred in all the samples, increasing the
sheet resistance. Further, to understand the factors affecting
sheet resistance, the stacking height was calculated for all the
samples as tabulated in Table 1.”**"** Upon reduction with HI,
the stacking height (L.) of graphene sheets decreased after 30
minutes of exposure, indicating effective reduction of GO and
adsorption of fewer iodide species. However, the factors
affecting electrical conductivity in FSG could not be clearly
deduced from the XRD parameters.

3.5 Exploration of band gap

Fig. 5 s hows the temperature dependence of the four-point
probe resistance from room temperature to 473 K.

The four-probe setup coupled with an oven controller was
utilized to analyse the temperature dependence of resistance
of the FSG samples. Herein, the temperature dependence of
resistance was measured in the high-temperature regime from
room temperature to 473 K, where resistivity mostly depends
on the band gap scattering by the phonons. Fig. 5(a) shows the
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Table 1 Comparison of electrical, Raman and XRD parameters of FSG1, FSG2 and FSG3 samples

Electrical parameters Raman parameters XRD parameters

Sheet resistance
Sample @O N (em™) Ry Ng (cm™?) Ly (nm) In/Ig [002] position 1[002] L. (nm)
FSG1 120 4.35 x 10*° 0.014 3.83 x 10" 9.17 1.71 24.30 430 13.7
FSG2 9 7.70 x 10%° 0.008 3.47 x 10™ 9.64 1.55 24.40 557 8.5
FSG3 19 5.80 x 10%° 0.010 3.74 x 10" 9.28 1.67 24.38 497 8.5

normalized resistivity of the FSG samples versus temperature,
indicating semiconducting behaviour for all the samples.*
The high linearity observed for FSG2 and FSG3 indicates the
effect of GO reduction as well as restoration of sp® carbon.
However, from these results, it is clear that FSG2 and FSG3
have similar sheet resistances as discussed in the previous
section on four-probe resistance measurement. Fig. 5(b) shows
the plot of In (R) versus T" ', which highlights the band-gap-
dominated Arrhenius-like temperature dependence.**** The
activation energy, E,, was estimated using the temperature
dependence of the conductivity for an intrinsic
semiconductor.

o= Uo(ng/szT)

(3)

The activation energy of the FSG samples was lower after
30 minutes reduction (14.4 meV and 9 meV for FSG2 and
FSG3 respectively), which implies high conductivity at room
temperature. These resistivity changes would occur due to
interactions between iodide and graphene sheets. The
interaction of iodides with graphene was investigated using
DFT calculations and is described in ESIf (Fig. S37).

Fig. 6 shows the Tauc plots measured for the FSG1, FSG2
and FSG3 samples. Herein, we can clearly observe that all
the FSG papers have direct allowed transitions instead of
indirect allowed transitions. To determine the optical band
gap, the Kubelka-Munk function F(R) (a function of «, the
absorption coefficient; 4, Planck's constant; and v, the light

frequency) is plotted versus the photon energy of the
exciting light (Av) in Fig. 6. The Kubelka-Munk function
F(R) was determined from the reflectance spectra and
plotted under the assumption of indirect and direct band
gaps for all the samples to understand the electronic band
structure. All the calculations and formulas are highlighted
in the ESI.f It is well known that band opening occurs in
graphene when inserting or compositing with a host mate-
rial.*® Hence, the band gap of FSG is also influenced by the
synergistic effect of iodides in the samples. To understand
the influence of iodides interacting with graphene sheets in
FSG, we have plotted both the indirect and direct transi-
tions. Note that graphene behaves as either an indirect or
direct band gap material depending on the interactions
with other host materials.?”~*° It may be concluded from the
direct band plot that the band gap was influenced by iodide
ions during the reduction of the GO papers. The band gap of
FSG2 is slightly higher than those of FSG1 and FSG3 due to
the strong interaction of iodides with graphene, which was
also confirmed by the DFT analysis (refer to ESIt). However,
the optical band gap is below 1.5 eV for all the FSG samples
and is lower than that of the GO paper (Fig. S4%) after
reduction with HI. Meanwhile, the energy gap obtained by
the thermal studies was dominated by phonon-electron
interaction, whereas the optical band gap depends upon
photoexcitation. Hence, for FSG2 and FSG3, the higher
activation energy and optical band gap may influence the
electrical properties.
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(a) Resistance vs. temperature plots of FSG samples. (b) Arrhenius plots of the temperature dependence of resistance.
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4. Conclusions

In conclusion, the sheet resistance of free-standing graphene
paper was influenced by the GO thickness through varying the
GO concentration. It was observed that 3 micron GO thickness
provided excellent sheet resistance, which was saturated
thereafter. The duration of reduction treatment with HI is
a significant factor affecting the electrical properties of GO
paper. GO paper treated with HI for 1 h showed low sheet
resistance due to a low defect density, high defect separation
and a low Iy/I ratio, as confirmed by Raman investigations. An
XRD study also revealed the low stacking height and highly
crystalline nature of this sample (FSG2). These factors were
induced by the strong interaction of iodides with graphene
sheets, as confirmed by DFT analysis and other techniques. By
Hall effect measurements and DFT analysis, FSG paper is
concluded to be a p-type semiconductor due to the synergistic
effect between graphene and iodide. The interaction of iodide
with FSG was also confirmed electrochemically. Hence, we
conclude that FSG electrodes obtained through HI reduction
may be applied to specific devices.
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