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In situ FTIR and Raman spectroelectrochemical 
characterization of graphene oxide upon 
electrochemical reduction in organic solvents 

Antti Viinikanoja*a, Jussi Kauppilaab, Pia Damlin*a, Milla Suominena, Carita 
Kvarnström*a  

Electrochemical reduction of solution cast and self-assembled graphene oxide (GO) films on 
Au surfaces were studied using organic solvents. During the cyclic voltammetry measurements 
the structural changes in the films were recorded focusing on in situ infrared and Raman 
techniques. Both FT-Raman and dispersive Raman spectroscopy were utilized for the reduction 
studies. The spectroelectrochemical results indicate that the changes in the GO structure takes 
place in a quite narrow potential range extending from -1 to -1.7 V. Higher negative potentials 
gives rise to reversible changes in the spectra and are not due to reduction processes of GO but 
more related to changes in the electrolyte media. 
 

Introduction 

Graphene, a two-dimensional nanostructured carbon material, has 
attracted extensive interest since its discovery in 2004.1,2 It promises 
exciting potential applications  in various fields, such as 
supercapacitors,3,4 batteries,5 nanocomposite materials6,7 and 
sensors.8,9 There are many approaches to the preparation of graphene 
and the most commonly used methods include mechanical 
exfoliation,1 chemical vapor deposition10 and 
chemical/electrochemical reduction of graphene oxide (GO).11,12,13 

The  synthesis  route  from  GO  is  considered  to  be  the  most  
economical way for mass production of graphene. The oxidation 
results in graphite sheets heavily decorated by oxygen-containing 
groups both in- and out-of-plane of the graphitic layer, which not 
only expand the interlayer distance but also make the product 
hydrophilic.14 A lot of effort has recently been put into searching for 
ways to treat the chemically oxidized graphite and how to restore the 
original structure of graphene and its exceptional properties. The 
available and most explored methods include thermal treatment,15 

chemical reduction using hydrazine or other reductants,11,16 plasma17 
and electrochemical reduction.12,13,18,19  But  so  far  none  of  the   
presented methods is able to fully heal the defects caused by 
oxidation.  
The electrochemical reduction method has been introduced as a fast 
and environmentally friendly way for producing a partly recovered 
sp2 lattice. Compared to all of the GO reduction methods mentioned 
above, the mechanism of GO reduction by electrochemical means is 
the least understood at the moment. While electrochemistry alone 
cannot tell details about structural changes in thin films it is often 
applied in combination with a spectroscopic technique.20,21 We have 
previously used surface sensitive IR techniques to follow the 
evolution of oxygen containing defects upon electrochemical 
reduction of self-assembled films of graphene oxide in aqueous 
solutions22 and also reported on the completeness and differences 
observed in the structure of electrochemically reduced GO (rGO) 
films when going from one electrolyte media to another.12 In this 
study, we examined spectral changes occurring when graphene oxide 

was electrochemically reduced in a few common organic solvents 
using both in-situ FTIR and Raman spectroscopy techniques. 
Organic solvents, acetonitrile (AN), propylene carbonate (PC), and 
tetrahydrofuran (THF), were selected due to their broad 
electrochemical potential window. The change of electrolyte from 
water to organic media allows us in this work to extend the negative 
potential range used for the reduction of GO. Raman spectroscopy is 
an efficient method to identify and characterize various carbon 
nanostructures, while IR-spectroscopy gives information about the 
presence of oxygen-containing functional groups. The combination 
of these techniques gives the possibility to compare the potential 
induced changes in the oxygen-containing functional groups, as well 
as reorganization in the GO nanostructure as the electrochemical 
reduction of GO progresses. In contrast to our previous paper,12 in 
which we looked at rGO by ex-situ techniques, we are now able to 
obtain detailed information on the gradual structural changes taking 
place in the GO film as the reduction potential is made more 
cathodic. In this work, single reflection FTIR spectroscopy in 
Kretschmann-ATR configuration and Raman spectroscopy, both in 
FT-Raman and in dispersive mode were used to characterize the rGO 
film. Measurements using the surface enhanced Raman spectroscopy 
(SERS) technique were carried out on thin self-assembled GO films, 
so that the results would be comparable to our previous results 
obtained in aqueous solutions.22 The results indicate that the 
electrochemical reduction of GO films simultaneously lead to 
gradual changes in the GO nanostructure and to removal of oxygen-
containing functional groups from the surface. The potential range, 
where the reduction related structural changes of GO were observed 
was dependent on the solvent used. 

Experimental 
 
Materials 
 
Anhydrous acetonitrile (Sigma-Aldrich) and tetrahydrofuran 
(>99.9 %, inhibitor-free, Sigma-Aldrich), LiPF6 (Sigma-
Aldrich), 2-mercaptoethylamine (MEA) (Sigma-Aldrich) and 

Page 1 of 7 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



ARTICLE Journal Name 

2  |  J. Name ., 2012, 00,  1-3  This journal is © The Royal Society of Chemistry 2012 

ferrocene (Sigma-Aldrich) were used as received. Propylene 
carbonate (Merck) was vacuum-distilled and stored over 
molecular sieves prior to use. All solvents and electrolytes were 
stored in an argon filled glove box. Graphene oxide was 
synthesized from natural graphite flakes (Alfa Aesar, mesh 325, 
99.8 %) according to a modified Hummers method23 and 
purified by centrifugation and dialysis. 
 
Methods and characterization 
 
Electrochemistry. All electrochemical and 
spectroelectrochemical measurements were conducted using a 
three electrode configuration with PGSTAT101 (Autolab), 
Iviumstat (Ivium) and 263A (EG&G Instruments) as 
potentiostats. The three-electrode system consists of a gold 
working electrode, platinum counter electrode and Ag/AgCl 
quasi reference electrode. The quasi reference electrode was 
tested against ferrocene before and after measurements. In 
cyclic voltammetric measurements the working electrode 
diameter was 2.0 mm. Samples were prepared by drop casting 5 
µL (cGO = 0.5 mg/mL) of GO solution onto the gold electrode. 
Electrolyte solutions of 0.1 M LiPF6 in acetonitrile, 
tetrahydrofuran and propylene carbonate were prepared in 
argon filled glove box prior to use. 
 
Raman. Surface enhancement effect for FT-Raman 
spectroscopy was achieved by electrochemically roughening of 
a gold electrode (2.0 mm diam., CHI Instruments Inc. 
CHI101).24 Raman measurements were done using Nexus 870 
FTIR spectrometer (Nicolet) equipped with a Raman accessory. 
A more detailed description of the used in situ Raman 
technique has been published elsewhere.22 Wavelength of the 
used Raman laser was 1064 nm and all spectra were recorded 
by collecting 128 scans with a 4 cm-1 spectral resolution. The 
roughened gold electrode was coated with a monolayer of 2-
mercaptoethylamine (10 mM aqueous solution for an hour) in 
order to create a positively charged electrode surface. A GO 
monolayer was applied on the electrode through self-assembly 
by dipping the working electrode in GO solution (cm=0.25 
mg/mL, pH adjusted to 1.5 with H2SO4) for two hours.  
The dispersive Raman measurements were made from drop cast 
GO films on Au electrode. A flow through electrochemical cell 
was used for the in situ measurements and has been described 
in detail in an earlier work.25  Raman experiments with visible 
laser excitation were performed with a Renishaw Ramascope 
(system 1000 B) equipped with a Leica MLM microscope and 
connected to a thermoelectrically cooled charged-coupled 
device (CCD) detector. The excitation wavelength for the 
Raman scattering was provided by an argon laser with 
excitation wavelength of 514 nm (LaserPhysics) using a laser 
power of 10 mW. The scattering signal was obtained at 90 
degrees angle to the excitation beam. Calibration of the 
spectrometer was performed before the measurements using a 
Si standard. 
 
IR. In situ IR measurements were done using the same Nexus 
870 FTIR spectrometer as stated above, equipped with 
SeagullTM variable angle reflection accessory (Harrick). An in-
house built flow through electrochemical cell with a gold 
covered 12.5 mm radius hemisphere ZnSe crystal was attached 
to measurement bench (see supplementary information FS1 and 
FS2 for more details). The measurement cell uses Kretschmann 
configuration with a 45 degree angle of incidence. Typically 
128 scans were recorded with a 4 cm-1 spectral resolution. 

Samples were prepared by drop casting 60 µL (cGO = 2 mg/mL) 
of GO on top of the gold covered ZnSe crystal on an area of 
roughly 5 mm in diameter. 
 
Spectroelectrochemistry. In IR and Raman 
spectroelectrochemical measurements stepwise increasing 
negative potentials between 0 and -2.5 V were applied to the 
cell for 4 or 5 minutes, respectively. At each potential the 
material was allowed to stabilize for two minutes before 
recording the spectra. Absorbance spectra were obtained using 
the single beam spectrum measured at initial potential as a 
background. The transformation and correction of a possible 
small drift in absorbance spectra were done using Origin 8.0 
software. 
 
Results and Discussion 
 
Characterization and assembly of GO nanosheets 
 
Water-soluble GO nanosheets prepared according to a modified 
Hummers method23 were characterized with atomic force 
microscopy (AFM) (FS3 in the electronic supplementary 
material). The AFM image shows that the self-assembled GO 
films consist of well dispersed wrinkled and folded flakes with 
a thickness below 3 nm. The step height of the self-assembled 
GO films, obtained by analysis of the AFM cross-sectional 
profile, is about 1.1 nm, which is consistent with previous 
reports, suggesting the single-sheet nature of GO in this 
work.12,22,26 One the other hand, the drop casted GO films are 
considerably thicker, showing an average thickness of 97 nm. 
According to SEM images, these films were smooth with some 
scaly structures and retained their morphology after reduction.12 
The amine groups in MEA possess a pKa value of 7.6.27 As the 
pH of the as-prepared GO solution is 2.5 the amine groups on a 
MEA primed gold surface are mainly in protonated form 
making the surface positively charged. The assembly process of 
negatively charged GO sheets on a MEA primed gold surface 
was followed by surface plasmon resonance  and AFM 
measurements22 and the optimized conditions found was used 
also in this work (adsorption time of 240 min, cGO = 1 mg/mL 
and a pH of 2.5). 
 
Electrochemical characterization of GO upon reduction in 
acetonitrile 
 
Electrochemistry offers an effective tool for modification of 
electronic states by adjusting the external potential source to 
change the Fermi energy level of the electrode material surface. 
It has been proven to be a simple, fast, efficient, low-cost, and 
environmentally friendly way for the reduction of GO 
films.12,13,18,19 The electrochemical reduction of a drop casted 
GO film on a gold electrode in acetonitrile is shown in Figure 
1. The cyclic voltammogram shows that reduction of GO starts 
at  1.0  V  with  a  peak  current  maximum  at  1.8  V.  The  
reduction is found to be irreversible showing no oxidation peak 
in the reverse scan.  It also seems to be completed in a single 
scan as no reduction peak currents are observed in subsequent 
cycles. The quite broad potential range observed is typical for 
GO materials containing different oxygen functional groups.28 
In this process, various oxygen groups, including OH, 

COOH, and epoxides are reduced.29,30 Recently, the 
carboxylic acid groups on GO has been shown to be more 
stable against moderate reduction potentials than the other 
functional groups that are reduced already at ca. -1 V (vs. 
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Ag/AgCl).31 In a previous work using ex situ spectroscopic 
analysis we showed that several reduction reactions take place 
at potentials even after the potential where the current peak is 
visible in the cyclic voltammograms.12 
 
 

 

Figure 1. Cyclic voltammogram (CV) of a drop casted GO film on 
top of a gold covered ZnSe reflection element in 0.1 M LiPF6 (AN) 
with a scan rate of 10 mV/s. The arrow indicates the sweep direction 
and the black line shows the response obtained for the bare Au 
electrode in the same electrolyte.  

In situ spectroelectrochemical characterization of GO upon 
reduction 
 
FTIR spectroscopy in the Kretschmann-ATR configuration. 
In an earlier work we studied the electrochemical reduction of a 
few layers of GO deposited by self-assembly on a roughened 
gold plated silicon reflection element in aqueous media.22 The 
results showed that the effect of the applied potential on the GO 
structure could be divided into two parts where the changes 
occurring at moderate negative potentials (0 to -0.8 V) are 
mainly related to changes in the double layer at the film-
electrolyte interface and to hydrogen bonding of intercalated 
water between the GO sheets. At potentials more negative than 
-0.8 V vs. Ag/AgCl the reduction of GO started to take place 
with concomitant conversion of the different functional groups 
of the film. Using the Attenuated Total Reflection (ATR) 
geometry i.e. entering the film from the backside through the 
reflection element we could minimize the interference from                

 
Figure 2a. In situ FTIR difference spectra recorded during 
electrochemical reduction of GO in 0.1 M LiPF6/AN 
(measurement time in total 96 min). The spectra gathered at 
constant potentials every 0.1 V in the potential range -0.3 to -
2.6 V are shown. The spectrum at -0.2 V (vs. Fc/Fc+) is used as 
reference. 

electrolyte contribution to the spectra and get the main signal 
from intercalated water and the potential dependent change of 
the  functional groups in GO. In this work we also use the 
reflection Fourier Transform Infrared Spectroscopy technique 
but now in the Kretschmann geometry.32 This technique 
requires the use of a thin metal film deposited on an internal 
reflection element (IRE) in order for the electric field to pass 
through the metal film. ZnSe elements with a thin layer of gold 
were produced by vacuum evaporation. The changes observed 
in the IR spectra at the spectral range 1000-4000 cm-1, as the 
potential is increased towards more cathodic values are shown 
in Figure 2a. In this experiment AN was used as organic solvent 
and the focus is put onto the changes taking place in the 
potential range between -0.5 to -1.7 V (Fc/Fc+). This potential 
range was chosen according to the CV in Figure 1, a significant 
increase in the reduction current could be observed in this 
particular potential range. As the potential induced changes in 
absorbance are plotted in relation to the initially applied 
potential, the upward extending peaks will indicate the gain and 
the downward extending peaks the loss of structural 
rearrangements and functional groups in GO during 
electrochemical reduction. In the range of 3700-3100 cm-1 
overlapping C-OH modes, originating from a wide range of 
functional groups on the GO sheets, gives rise to a broad 
spectral response. Within this range at least the following four 
main vibrations can be distinguished. At 3200 (overtones of 
scissor vibrations of adsorbed water molecules), 3370 (closely 
neighboring hydroxyl groups), 3500 (carboxyl groups of GO), 
and the one at 3625 cm-1 (C-OH stretch associated to five-
membered-ring lactols and hydroxyl groups of GO from both 
the basal plane and from the sheet edges).33,34 The GO film also 
gives rise to well documented vibrations in the lower 
wavenumber region as the band at 1750 cm-1 with a shoulder at 
1820 cm-1 from the C=O stretching vibrations of carbonyl and 
ketonic species. In the range around 1600 cm-1 overlapping 
bands from OH bending of water (1620 cm-1) and asymmetric 
vibrational C=C stretching of sp2-hybridized carbons (1579 cm-

1) can be observed. The continuously increasing negative peak 
at 847 cm-1 is due to the electrolyte salt PF6

- being expelled 
from the vicinity of the electrode upon the reduction reaction. 
As AN only shows a major peak at 1180cm-1 it is well suited 
for monitoring the GO reduction and does not overlap with any 
of the vibrations related to the reduction of GO. The plot in

Figure 2b. The intensity dependence of GO related vibrational 
bands on the applied potential during the reduction process 
using the spectrum measured at -0.2 V as reference spectra. 
  
Figure 2b follows the change in absorbance for some of the 
aforementioned bands with reduction potential using the 
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absorbance obtained at -0.2 V as reference point. As can be 
seen from the plot, the reduction of GO and subsequent 
conversion of the functional groups is clearly observed at 
potentials more negative than -0.5 V. From this potential 
onwards to -1.8 V a continuous increase in bands at 1579 and 
3610 cm-1 and furthermore decrease of the bands at 1750, 1820 
and 3370 cm-1 can be found. All of these spectral changes 
indicate clearly reconstruction of the graphitic domains and 
subsequent loss of oxygen containing functional groups. The 
reason for increase in absorbance intensity at 3610 cm-1 can be 
explained by formation of hydroxyl groups –C-OH originating 
from the reduction of the epoxides and carboxyl groups. 
Overall the changes obtained in the IR spectra coincide nicely 
with the charge consumed during the spectroelectrochemical 
measurement (Fig. 2c). While the absorbance intensity stays 
more or less constant the residual capacitive contribution on 
charge curve cause the small slope observed after -1.8 V.   
Moreover, from fig. 2a it can clearly be observed that when 
using potentials more negative than -1.8 V for the reduction of 
GO only minor changes in intensity of all the vibration modes 
takes place reaching more of a steady state situation. 

 
Figure 2c. Changes in the intensity of GO related C=C 
vibrational band at 1579 cm-1 and the charge consumed during 
the in situ spectroelectrochemical experiment (from -0.2 to -2.7 
V).  
 
Also THF and PC was used as organic solvents for the in situ 
study of the reduction process of GO. The difference spectra

 
Figure 3. In situ FTIR spectra recorded during electrochemical 
reduction of GO in 0.1 M LiPF6 in THF. The spectra are shifted 
for clarity and only spectra  in the potential range -0.9 to -1.7 V 
are shown. The absorbance related to previous applied potential 
is used as reference. The strong negative peaks at 2970, 2860, 
1440, 1064 cm-1 are due to the solvent THF and marked by an 
asterisk. 
obtained using THF are shown in Figure 3. In the spectra the 
solvent peaks are marked with asterisk (*). Unfortunately, in 
the case of PC there was a strong overlapping of  peaks related 

to the solvent  (1670, 1780, 1300 and 1200 cm-1)  and   to  the  
reduction of GO making it impossible to  quantify the effect of 
reduction of GO from absorbance intensities.  However, this 
solvent was well suited for in situ Raman measurements and 
was therefore used also in IR measurements as comparison 
(shown as FS4 in the electronic supplementary material). It 
should be pointed out that THF is known to decompose at high 
negative potentials (>-2.2 V), especially when combined with 
lithium ions, causing further problems in electrochemistry and 
for spectral interpretations.35 In  these  two  media  the  main  
spectral changes observed follows along the lines already 
discussed above using AN as solvent system. However, the 
potential where changes starts to be prominent are slightly 
shifted to -1.2 V (vs. Fc/Fc+). Also when using PC and THF the 
main changes coincides well with the potential range where a 
significant increase and finally a fairly constant level in the 
reduction current is reached   in the CVs (-1 to -1.7 V).  
 
Raman spectroscopy (surface enhanced FT-Raman and 
dispersive). Raman spectroscopy provides a sensitive and 
gentle characterization tool for graphene and nanocarbon 
materials in general. It can distinguish between single-layer, 
bilayer, and multilayer graphene, and is also highly sensitive to 
the electronic structure of these materials.36 In graphene oxide 
the information is additionally provided on the defect density 
and crystallite size.37 The important features observed in the 
Raman spectra are the G mode and the G´ mode, also 
sometimes referred to as the 2D mode.38 These G and G´ modes 
are present in all graphene-based materials but their 
frequencies, intensities, and line widths are influenced by a 
number of factors such as number of graphene layers, the 
external/intentional doping or unintentional doping, stress, and 
the laser excitation energy. In some graphene samples, the D 
line is also found and the D line is believed to indicate the 
presence of defects as in ordinary graphite.39 

Quantifying defects in graphene related systems, which include 
a  large  family  of  sp2 carbon structures, is crucial both to gain 
insight in their fundamental properties and for applications. In 
graphene this is a key step toward the understanding of the 
limits to its ultimate mobility. Significant efforts have been 
devoted to quantify defects and disorder using Raman 
spectroscopy for nanographites, amorphous carbons, carbon 
nanotubes, and graphene. The first attempt was the pioneering 
work of Tuinstra and Koenig.40 They reported the Raman 
spectrum of graphite and nanocrystalline graphite and assigned 
the mode at 1580 cm-1 to the high frequency E2g Raman 
allowed optical phonon, now known as G band.41 In defect and 
nanocrystalline samples they measured a second peak at 1350 
cm-1, now known as D band. It was assigned to an A1g 
breathing mode at the Brillouin Zone boundary K, activated by 
the relaxation of the Raman fundamental selection rule q  0, 
where q is the phonon wavevector.40 They noted that the ratio 
of the D to G intensities varied inversely with the crystallite 
size, La. 
As was already discussed in ref. 22, the redox reactions of the 
different oxygen containing functional groups in GO lie very 
close to each other. This makes a complete identification of all 
groups in an in situ Raman measurement in aqueous electrolyte 
solutions impossible. In order to obtain deeper insight into the 
reduction process of GO, in situ Raman measurements were in 
this work conducted using different organic solvents. Before 
reduction the self-assembled GO films on MEA modified rough 
gold surface were analyzed by surface enhanced Raman 
spectroscopy  in the same solvent systems as used for the IR 
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measurements (AN, PC, or  THF). In Fig. 4, the characteristic

 
Figure 4. Raman spectrum of GO film on Au at -0.2/-0.4 V (vs. 
Fc/Fc+)  in  AN  (black),  PC  (red),  and  THF  (blue) using both 
the FT-Raman and dispersive technique. The dashed line 
represents the measurement in AN at 514 nm laser excitation. 
 
Raman features of graphene oxide are observed with 1064 nm 
laser excitation wavelength showing a broad and intense D 
band at ~1300 cm-1 and overlapping G and D´ (not discernible) 
bands at ~1600 cm-1. The G’ (or 2D), D+D´ and 2G bands at 
~2580, ~2920, and ~3200 cm-1 are shown as supplementary 
FS5. Additionally, (CH), (CN), (CC) vibrations of 
electrolytes (AN, PC, THF) are observable. 
For comparison, Raman measurements in AN from a drop 
casted film on gold electrode using a dispersive Raman 
instrument with excitation wavelength at 514 nm are also 
shown in Fig. 4 (dashed line). As can be seen, the dispersive 
nature of D and G´ modes cause the frequency to shift as 
function of the energy of the incident laser. However, also the 
position of G mode (actually G+D´) is slightly shifted, that can 
be explained by the different intensity and band width 
contribution of dispersive D’ feature to this combination band 
at different excitation wavelengths that shift the apparent 
position of the band. 
The Raman spectra in Fig. 5 obtained in situ during gradual 
electrochemical reduction in AN, PC and THF were fitted in 
the range 1900 – 1000 cm-1 in order to follow the subtle 
changes occurring in G and D bands during the electrochemical 
reduction of a GO film on a gold electrode. According to earlier 
reports the D band was fitted by a Lorentzian shape and the G 
band (G+D’) was treated as an asymmetric band approximated 
with Breit-Wigner-Fano lineshape.42,43 Based on these results a 
clear evidence about progressive reduction of graphene oxide is 
obtained in all three organic solvents studied. We focused on 
the change of G and D band positions, linewidths, intensities 
(ID,  IG),  and  the  ID/IG –ratio. Out of these, the ID/IG-ratio 
increase has generally been used as a measure for the extent of 
GO reduction when using different reduction methods, 
including electrochemical reduction.7,22 Ferrari and Robertson 
introduced a three-stage model that relates the ID/IG-ratio 

 
Figure 5. (a) The evolution of G and D bands as a function of 
potential during the electrochemical reduction of the self-
assembled monolayer on gold electrode in propylene carbonate. 
(b) The intensity of G band as a function of the applied 
potential in AN( ), PC( ), and THF( ). 
 
increase to structural ordering of graphene based materials.43,44 

Linewidth narrowing together with G band shift has been used 
recently to follow the structural ordering during the reduction 
process of graphene oxide.45 In Fig. 6, the evolution of G band

  
Figure 6. Changes in G band position during in situ 
electrochemical reduction of GO in acetonitrile. SERS (a) 
measurements (FT-Raman, ex = 1064 nm) on a single layer 
GO and dispersive (b) Raman measurements (dispersive 
Raman, ex = 514 nm) on thin GO film. The horizontal lines in 
(b) indicate the G band position at -0.2 V (---), and without (- -) 
applied potential. (0.1 M LiPF6 in acetonitrile, W: Au, Ref.: 
Ag/AgCl, Aux.: Pt) 
 
position as a function of applied potential is presented at both 
laser excitation wavelengths (1064 and 514 nm). In AN it is 
clearly seen that the G band downshifts from 1599 to 1596 cm-1 

as the electrochemical reduction of the GO monolayer under 
1064 nm laser excitation progresses. The change in G band 
position at visible excitation follows the same trend as above 
but shows considerably stronger shift. Here the G band position 
shifts from 1607 cm-1  to 1586 cm-1 in the potential range (-0.2 

 -2.7/-2.4 V vs. Fc/Fc+). In the literature, there are some 
inconsistencies about the direction of the G band shift during 
the reduction process and it is suggested that shape and 
intensity alternations of D’ band within the G band are mainly 
responsible for this behavior.27,43,45  The changes in G band 
position does not progress steadily as function of applied 
potential, but shows an abrupt downshift in the potential range -
0.8 to -0.9 V (vs. Fc/Fc+) (seen more clearly under visible laser 
excitation). This is well before the main reduction peak (at -
1.86 V vs. Fc/Fc+) for a GO monolayer in AN can be observed 
when looking at the cyclic voltammogram in Fig. 1. However, 
the onset of this reduction peak at -1.25 V and small pre-peak at 
ca. -1.0 V might be related to this abrupt change in the G band 
position. After -0.9 V the position of G band remains constant 
in a moderate negative potential range down to ca. -1.5 V (vs. 
Fc/Fc+) (taking into account the error limits). After -1.5 V the G 
band position remain unchanged under 1064 nm laser 
excitation, but under visible excitation the G band shifts further 
down as the potential is made more negative. However, this 
downshift in band position is reversible in contrary to the 
behavior of the position for the G band obtained before -1.5 V 
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(vs. Fc/Fc+), which is irreversible. The irreversibility of the 
process occurring in GO is realized upon applying open circuit 
condition or the starting potential, 0.0 V (vs. Fc/Fc+), after 
electrochemical reduction and measuring the Raman spectrum. 
Using the aforementioned fitting procedure for the bands, the G 
band position remains at the level obtained between the 
potentials -1.0 - -1.5 V (vs. Fc/Fc+) during the reduction process 
(shown as horizontal lines in Fig. 6). The Raman results agree 
well with the irreversible electrochemical reduction of the GO 
film observed under cyclic voltammetry experiments and also 
with previously published results.12,45 The potential ranges 
where changes can be observed in the spectra also coincide 
nicely with those obtained using the in situ IR technique.  
The reduction process of a self-assembled GO film on rough 
Au-surface was followed by SERS in PC similarly as in case of 
AN. Fig. 7 presents the evolution of the G band position as 
function of applied potential in the potential range -0.4 V to -
2.9 V (vs. Fc/Fc+). Also in this case a downshift of the G band 
during the reduction process of GO is obvious. However, 
instead of one abrupt change in band position as in AN, the 
shift in band position takes place within two potential regions in 
PC, -0.9 - -1.3 and -1.8 - -2.0 V (vs. Fc/Fc+) (Fig. 7). After the 
reduction process the G band position returns back to values 
obtained in the potential range between -2.0 and -2.5 V (vs. 
Fc/Fc+) ,resembling the behavior in AN (-1.0 - -1.5 V vs. 
Fc/Fc+). In AN and PC, the changes observed in D mode 
position closely follow the changes of the G mode in the 
irreversible part of the reduction process. 

 
 
Figure 7. Cyclic voltammetry of self-assembled monolayer of 
GO on rough Au electrode in PC/LiPF6 (a) and shift in G band 
position during the reduction process (b). The shaded areas in 
(a) mark the potential region where 90 % of G band shift (b) 
occurs. The horizontal lines in (b) indicate the G band position 
before (black) and after (red) the reduction of GO film without 
an applied potential and at -0.4 V (vs. Fc/Fc+). 
 
Cyclic voltammetry of the self-assembled monolayer on gold in 
Fig. 7 show several processes taking place during the 
electrochemical reduction of GO in PC. Because of the 
different timescale of the experiments (kinetic control in CV vs 
steady state in Raman), reduction peaks in the voltammogram 
are shifted towards more cathodic potentials with respect to the 
processes seen in SERS. 
Raman observations can also be related to changes observed 
during the in situ IR measurements. As already shown in Fig. 
2b C=O, C=C, and C-OH stretching bands can be easily used to 
follow the progress of electrochemical reduction of GO. The 
conversion of oxygen containing functionalities starts when 
potentials more negative than -0.5 V (vs. Fc/Fc+) are applied, 
that coincides well with first weak G band shifts in AN and first 
faradaic processes observed in the cyclic voltammetry of GO 
monolayer indicating clearly that origin of all above changes 
are related to GO monolayer reconstruction under applied 
potential.  From this potential onwards to -1.6 V a continuous 
increase in bands at 1579 and 3610 cm-1 and furthermore 

decrease of the bands at 1750, 1820 and 3370 cm-1 can be 
found. The potential range, where the strongest changes occur 
are somewhat shifted when the IR and Raman measurements 
are compared with each other. As we have shown earlier, the 
thickness of the GO film can affect the observed reduction 
potential.12 In this case thicker films needed for IR 
measurements shift processes to slightly more cathodic 
potentials; also the different origin of the vibrations, sp2 
hybridized carbon (Raman) vs functional groups on the basal 
plane of GO (IR) can have some effect.  
Raman results in aqueous solutions are shown as comparison in 
supplementary FS6 using the same fitting procedure for the G- 
and D-bands (as above).22 To facilitate comparison to our 
earlier results it is assumed that the potential of Ag/AgCl-
reference electrode vs. Fc/Fc+-couple is ca. -0.44 V (+0.197 V 
Ag/AgCl vs. NHE and +0.64 V Fc/Fc+ vs. NHE).  As in organic 
solvents, the minimum in the G-band position is obtained at ca. 
-1.0 V (vs. Fc/Fc+) after which the position of the band remains 
constant as more negative potentials are applied. Interestingly, 
the response is different when the applied potential is set back 
to its initial value. For the GO film reduced in aqueous 
solutions the G-band position is higher than the value obtained 
in organic solvents (compared to a plateau in band position in 
Figs. 6b, 7b, and FS6).  This indicates that the reduction 
process of the GO film is more efficient in AN and PC than in 
aqueous solutions. 
 
Conclusions 
 
Self-assembled and solution cast films of GO have been 
prepared and characterized focusing on in situ 
spectroelectrochemical techniques. The electrochemical and 
spectroelectrochemical behavior of GO films during the 
electrochemical reduction in organic solvents showed similar 
but not the same changes to that of GO films in aqueous media. 
Obtained results clearly indicate that the electrochemical 
reduction of GO is more effective in organic than in aqueous 
solutions.    According to the spectroelectrochemical results 
obtained upon the reduction of a GO film we can state that this 
process can be controlled by the choice of reduction potential 
and electrolyte medium. At potentials more negative than -0.5 
V the reconstruction of graphitic domains is evident based on in 
situ IR measurements.   The G band is a collective vibration 
corresponding to the aromatic domains in GO located in the 
basal plane. Concurrently with changes in IR, the in situ Raman 
spectroscopy clearly shows shift in G band position. This 
irreversible shift in the G band position result from chemical 
changes, i.e., irreversible removal of functional groups within 
or close to the aromatic domains in GO.  According to the in 
situ IR and Raman measurements, the GO reduction does not 
significantly proceed at potentials more cathodic than ca -1.5- -
1.8 V in acetonitrile.  The reversible shift of the G band at 
highly cathodic potentials can be attributed to the charging of 
the conducting material and to the adsorption-desorption of 
solvent or electrolytes on the RGO sheets. The reduction in 
THF and PC follows a similar path showing a leveling of the G 
band position although a bit shifted to more cathodic potentials. 
Furthermore, in PC two potential regions can be observed for 
the shift in the band position.  
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