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A COMPARATIVE STUDY ON THE PREPARATION OF 

GLASSY CARBON ELECTRODES MODIFIED WITH 

ELECTROCHEMICALLY REDUCED GRAPHENE OXIDE 

Andra Mihaela ONAȘ1, Elena OLARET2, Andreea Madalina PANDELE3, Matei 

RAICOPOL4*, Luisa PILAN5*, Horia IOVU6* 

This work introduces a novel comparative analysis on the morphology, surface 

chemistry and electrochemical behavior of electrochemically reduced graphene oxide 

(ERGO) modified electrodes obtained by two commonly used methods: direct 

electrodeposition, and electrochemical reduction of GO drop-casted films. We report 

that electrodes modified through drop-casting are uniformly coated with ERGO 

layers, unlike electrodes obtained through electrodeposition, which only show 

isolated ERGO agglomerates on their surface. However, cyclic voltammetry 

investigations in the presence of soluble redox probes indicate that drop-casting is 

less reproducible for producing ERGO-modified electrodes, evidenced by 17-fold 

increase in the relative standard deviation of the estimated surface area. 

Keywords: modified glassy carbon electrodes, electrochemically reduced 

graphene oxide, drop casting, electrodeposition, surface analysis  

1. Introduction 

Glassy carbon (GC) is a carbonaceous material produced by the slow 

thermal degradation of certain cured polymeric resins. This material exhibits 

interesting properties, the ones particularly significant for the electrochemical field 

being its high chemical resistance and its very low electrical resistivity (3∙10-4 to 

8∙10-4 Ω∙cm) [1,2]. These attributes have recommended GC as a promising 

alternative for conventional metallic electrodes. The first works reporting the use 

of GC electrodes date back to 1965 [3,4] and since then there have been numerous 
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studies that demonstrate the successful use of GC electrodes for electrochemical 

detection [5,6], biosensing [7,8], diagnostics [9,10] or other high-end applications.  

Different strategies for the surface modification of GC electrodes were 

proposed in order to improve detection sensitivity in various electroanalytical 

applications. Among these strategies, modifying the GC surface with carbon 

nanomaterials, such as graphene and its variants (CVD graphene, graphene oxide, 

reduced graphene oxide, etc.) has attracted significant interest for electrochemical 

biosensing applications, owing to their outstanding structural and electronic 

characteristics, including high mechanical strength, large surface area, and 

exceptional conductivity [11–13]. Graphene oxide (GO) is a two-dimensional 

nanomaterial composed of single graphitic layers which contain various 

oxygenated groups like carboxyl, epoxy, or hydroxyl [14,15]. Reduced graphene 

oxide (RGO) has demonstrated several advantages over GO or pristine graphene in 

electroanalytical applications. The oxygenated functional groups and the defects 

present on the surface of RGO sheets can enhance the electrocatalytic activity and 

enable further modifications [16]. Electrochemical reduction of GO is one of the 

most powerful reduction techniques, as it does not involve the use of toxic reagents, 

and the reduced GO does not contain impurities associated with the use of reducing 

agents. Furthermore, the electrochemical reduction process can be very well 

controlled by adjusting the applied potential, leading to electrochemically reduced 

GO (ERGO) with tailorable oxygenated groups composition [16]. In ERGO, the 

majority of oxygen-containing groups of the initial GO are gradually removed upon 

reduction, restoring the sp2 carbon lattice. Thus, π-π interactions between stacked 

ERGO sheets and between sheets and the GC substrate are enhanced, promoting 

electron transfer and electrical conductivity [17].  

There are two commonly employed methods for obtaining ERGO-modified 

electrodes: either the direct electrochemical reduction of GO at the bare substrate 

electrode or the electrochemical reduction of a pre-deposited GO film, often 

referred to as the "drop-casting" method [16]. In the first case, the working electrode 

is immersed in a GO suspension containing a supporting electrolyte, and by 

applying a sufficient negative potential, ERGO is directly deposited onto the 

electrode surface [18]. The drop-casting method comprises several steps, starting 

with the deposition of a GO suspension onto the surface of the working electrode, 

followed by drying, and ultimately, the electrochemical reduction of the deposited 

GO in an electrolyte solution [19]. Both methods offer the possibility to modify GC 

substrates with ERGO, but a comparison of modified electrodes obtained by the 

two approaches has not been reported to date. The choice of the most suitable 

approach for electrode modification is an important step in electrochemical sensing 

platform fabrication, and it might prove crucial for device performance. In this 

context, our work provides a comparative analysis of the obtained ERGO layers in 

terms of surface morphology, surface chemistry and electrochemical properties. 
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2. Experimental 

2.1. Reagents and materials 

 Graphene oxide (in form of 2 mg/mL dispersion in H2O), Na2CO3, 

NaHCO3, KCl, HNa2PO4, H2NaPO4, as well as acetonitrile (MeCN, anhydrous, 

99.9%) were supplied by Sigma-Aldrich. Tetrabutylammonium tetrafluoroborate 

(TBABF4, electrochemical grade, 99%) was purchased from Fluka Analytical, 

while K3[Fe(CN)6], K4[Fe(CN)6]·3H2O,  and ferrocene (98%) were received from 

Merck. All chemicals were used in their original, as-received state, and ultrapure 

water (18.2 MΩ·cm) was used for the preparation of the aqueous solutions. 

2.2. Electrode modification procedures 

Before modification, the GC electrodes were polished using a 0.05 μm 

alumina suspension (Akasel) on a microfiber pad (Aka-Napal, Akasel) for 1 minute 

(2 × 30 s), followed by an ultrasonication treatment in UPW for 6 minutes (2 × 3 

min), and then kept in water before use. After polishing, the electrodes were tested 

by running one cyclic voltammetry (CV) cycle at a scan rate of 0.1 V s−1, in the 

presence of K3[Fe(CN)6] redox probe (1mM, in 0.1M KCl electrolyte solution), to 

ensure their correct surface cleaning (ΔEp < 0.07 V).  

The procedure employed for the ERGO preparation via the direct 

electrochemical reduction of GO on GC electrodes was adapted from a protocol 

described by Chen et al [18]. The deposition process was performed in a degassed 

(argon, 15 min), 0.2 mg mL−1 aqueous dispersion of GO in carbonate/bicarbonate 

buffer (0.05 M, pH = 9.2), under magnetic stirring. The electroreduction process 

involved 10 CV cycles in the potential range 0.5 to −1.4 V vs SCE, at a scan rate of 

0.05 V s⁻¹. The modified electrodes fabricated by this procedure were rinsed with 

ultrapure water, air dried and deposited in sealed containers before further use, and 

have been denoted GC_ERGO(ed). 

The ERGO preparation by the drop-casting procedure was adapted from the 

method employed by Guo et al [19]. A volume of 6.5 µL GO dispersion (0.05 mg 

mL−1) was casted on the freshly polished GC electrode surface, and then air-dried 

at room temperature. The resulting GO-modified electrodes were subsequently 

subjected to electrochemical reduction by CV. Degassed phosphate buffer (50 mM, 

pH 6) was used as electrolyte, and the reduction was performed for 10 CV cycles 

ranging from 0 to −1.7 V vs SCE, at 0.05 V s−1. After electrochemical reduction, 

the electrodes were rinsed with ultrapure water, air dried and deposited in sealed 

containers before further use. The modified electrodes obtained by this two steps 

methodology have been further denoted GC_GO(dc) and GC_ERGO(dc), 

respectively. 
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2.3. Instrumentation 

Optical microscopy images were revealed using a Carl Zeiss Technival 2 

stereomicroscope and a Carl Zeiss Epival microscope equipped for differential 

interference contrast imaging in reflected light. The images from atomic force 

microscopy were captured using the AFM tapping mode of a NeaSNOM 

microscope. The displayed figures show a 5.0 µm × 5.0 µm surface area. 

X-ray photoelectron spectroscopy measurements were acquired using a K-

Alpha spectrometer (Thermo Scientific) outfitted with an Al Kα monochromatic 

source (1486.6 eV). A flood gun was employed for compensating the charging 

effects, while binding energies were calibrated internally by shifting the main C1s 

peak to 284.8 eV. C1s deconvolutions were performed after subtracting a Shirley 

background.  

A Renishaw inVia Raman microscope, equipped with a 473nm excitation 

laser, was employed for recording the Raman spectra, using a 10× objective and 

three accumulations for the acquisition of each spectrum. 

Electrochemical experiments were carried out at room temperature (~25 
oC), using a Metrohm Autolab 128N potentiostat, and employing a conventional 

three-electrode configuration. The bare or modified GC electrodes (disks, 3 mm 

diameter, ALS Co. Ltd. Tokyo, Japan) were used as working electrodes, and a 

platinum rod as counter electrode. For the aqueous solutions studies either 

Ag/AgCl, KCl (sat.) or a saturated calomel electrode (SCE) served as reference 

electrodes, while Ag/10 mM Ag+, 0.1M TBABF4, in MeCN reference was 

employed in non-aqueous solutions. The electrodes subjected to XPS and Raman 

analysis were GC disks with a diameter of 6 mm (OrigaLys, France). 

3. Results and Discussion 

3.1. Preparation of Modified Electrodes 

Fig. 1 displays typical successive CVs recorded during the preparation of 

GC_ERGO electrodes by the two methodologies. In the both cases, the first 

potential cycle displays an easily discernible irreversible peak around the potential 

of −1 V, corresponding to the reduction of the oxygen-containing groups of GO 

[18,19]. For GC_ERGO(ed) preparation, the gradual deposition of the conductive 

ERGO onto the GC electrode for each potential scan is confirmed by the increase 

of the peak and capacitive currents. Additionally, the pair of redox peaks appearing 

around 0 ÷ 0.2 V is generally associated with more stable electrochemically active 

oxygenated groups present on the surface of graphene [18,20]. For the second 

preparation procedure, the cathodic peak appearing in the first reduction cycle at a 

potential close to −1 V is much larger, having an onset potential of approximately 

−0.6 V. This peak disappears in the following cycles or is displaced at more 

negative potentials [21]. After 10 cycles the reduction currents decrease 
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considerably, proving the irreversible electrochemical reduction of the oxygen-

containing functional groups of GO at negative potentials [19]. 

 
 

Fig. 1. Typical CVs (0.05 Vs-1
, 10 cycles) for the GC_ERGO electrodes preparation by the two 

strategies: (A) direct electrochemical reduction of GO at GC electrodes from a deaerated 0.2 mg 

mL−1 GO dispersion in 50 mM carbonate buffer, pH 9.2, under magnetic stirring, and (B) the 

electrochemical reduction of drop-coated GO onto GC electrodes in a deareated 50mM phosphate 

buffer, pH 6. 

3.2. Characterization of Modified Electrodes 

3.2.1. Surface morphology 

The ERGO electrodes’ surface was investigated after each modification step 

using optical microscopy (Fig. 2). While the image of the GC_ERGO(ed) sample 

reveals only small agglomerates of ERGO on the electrode surface, the GC_GO(dc) 

and GC_ERGO(dc) samples are covered by continuous graphene films. The 

micrographs obtained with differential interferential contrast in reflected light 

reveal the uneven characteristic of the GO drop-casted layer, as indicated by various 

interference colors that appear due to surface height differences. On the contrary, 

the electrode surface becomes very smooth after the electrochemical reduction step 

is performed. 

The surface topography was examined using AFM, and the micrographs are 

presented in Fig. 3. 
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Fig. 2. Optical images showing the GC modified electrodes surface appearance (top) and the 

graphene deposit microstructure using differential interferential contrast in reflected light 

(bottom). 

 

Fig. 3. AFM micrographs showing surface morphology for selected areas of the bare GC, and the 

modified electrodes GC_ERGO(ed), GC_GO(dc) and GC_ERGO(dc). 

Similarly to the results obtained using optical microscopy, the AFM images 

of the GC_ERGO(ed) surface show the formation of uneven ERGO agglomerates 
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which do not cover the entire electrode surface. While the GC_GO(dc) sample 

exhibits an increased rugosity, the GC_ERGO(dc) sample has a roughness closer 

to the bare GC substrate, which suggests the formation of tightly packed ERGO 

layers on the electrode surface.  

3.2.3. X-ray Photoelectron Spectroscopy 

The surface chemical composition of the electrodeposited layers was further 

assessed by XPS. Fig. 4 depicts the XPS survey spectra for the analyzed surfaces. 

The GC_GO(dc) sample has an increased oxygen content, indicating the abundance 

of various oxygen-containing functionalities. The ERGO samples have a similar 

atomic composition, but with a lower oxygen content, confirming the partial 

reduction of oxygen functionalities.  

Fig. 5 shows the corresponding C1s core-level spectra for the tested 

samples, which were deconvoluted into several components. The characteristic 

peak at ~284.8 eV is associated with C atoms from graphitic domains [22], and 

peaks at 285.5, 287 and 288.5 eV correspond to carbon atoms from C-O and C-O-

C bonds respectively, as depicted in Fig. 5. As expected, the GC_GO(dc) sample 

has the highest content of oxygenated groups, which decreases significantly after 

the electrochemical reduction step. Only the C-O-C and C-OH components are still 

visible in the GC_ERGO(dc) spectrum, confirming the successful reduction of 

drop-casted GO.  

 

Fig. 4. XPS survey spectra for the bare GC substrate, and the modified electrodes GC_ERGO(ed), 

GC_GO(dc) and GC_ERGO(dc). 
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Fig. 5. XPS C1s deconvoluted spectra for the bare GC substrate, and the modified electrodes 

GC_ERGO(ed), GC_GO(dc) and GC_ERGO(dc) 

3.2.4. Raman Spectroscopy  

The Raman spectra for pristine GC and ERGO-modified GC substrates are 

presented in Fig. 6. The spectrum corresponding to the unmodified GC substrate is 

similar to previously reported Raman data [23], and shows the characteristic D and 

G bands with the accompanying 2D and D+G overtones. The obvious resemblance 

between the GC and GC_ERGO(ed) samples may be attributed to the incomplete 

surface coverage with small few-layer ERGO deposits. This is also supported by 

the 2D overtone still present in the GO_ERGO(ed) sample, which has been reported 

to indicate the formation of few-layered graphene aggregates [24]. As expected, the 

GC_GO(dc) and GC_ERGO(dc) samples display broad D and G peaks, indicating 

a high density of structural defects such as lattice vacancies and sp
3
 C atoms 

[25,26]. The electrochemical reduction of the layer deposited by drop-casting is 

accompanied by a slight enhancement of the ID/IG ratio from 0.70 to 1.25, and a 

narrowing of the D and G peaks. These apparently contrasting results can be 

explained by the different nature of the D peak in GO and RGO: in the first case, 

the peak is associated with an increased number of sp
3
 carbon atoms due to 
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chemical functionalization, and the latter peak is attributed to the structural defects 

(e.g. vacancies) in the carbon framework [25].  

 

Fig. 6. Raman spectra of the bare GC substrate, and the modified electrodes GC_ERGO(ed), 

GC_GO(dc) and GC_ERGO(dc). 

3.2.5. Electrochemical Characterization of Modified Electrodes 

 The determination of electrochemically active surface area (ECSA) for 

electrodes modified with nanomaterials proved to be experimentally challenging, 

and numerous researchers emphasized the limitations of the Randles-Ševčík 

equation when it comes to accurately determining the ECSA using CV experiments 

[27–30]. A rough evaluation of the thickness of the diffusion layer, in the commonly 

employed scan rates range (i.e. 0.02-0.1 Vs-1) for the redox species employed in our 

study (K3[Fe(CN)6] and ferrocene), indicates a value of several hundred 

micrometers, much larger than the expected surface roughness of our modified 

electrodes. It was established that under these conditions, the CV features are 

independent of the surface roughness, as the observed area corresponds to the 

projected area of the electrode surface [28,31]. Considering the above constraints, 

the Randles-Ševčík equation is applied here with the sole purpose of comparing the 

two preparation methods in terms of reproducibility, and not for obtaining precise 

ECSA values for the ERGO electrodes. In this context, a method similar to that 

developed by Bishop et al [32] was utilized for estimating the active surface area of 

ERGO electrodes, based on the voltammetric responses of two common redox 

probes: (a) 1 mM K3[Fe(CN)6] in 0.1M KCl, and (b) 1mM ferrocene (Fc) in 0.1M 

TBABF4, in MeCN.  

 The recorded CVs displayed a quasi-reversible shape, and thus the modified 

version of the Randles-Ševčík equation (1) has been considered [32–35]: 
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𝑖𝑝 = (2.69 × 105)𝑛3/2𝐴𝐷1/2𝐶𝜈1/2𝐾(Λ, 𝛼)                            (1) 

where: ip is the value of the oxidation peak current (expressed in A), n is the number 

of transferred electrons, A is the electrode surface area (cm2),  is the scan rate (Vs-

1), while D, and C represent the diffusion coefficient (cm2 s-1), and the bulk 

concentration (mol cm-3) of the redox species, respectively. The function K(Λ,α) 

depends on the kinetic parameter Λ, and the value of the electron transfer 

coefficient α (considered 0.5), and has it been determined using the method reported 

by Matsuda and Ayabe [36]. The kinetic parameter Λ defined as: 

Λ = 𝜋1/2𝜓                                                       (2) 

can be calculated from the well-known theory developed by Nicholson for the 

application of CV in measurement of electrode reaction kinetics [37]. For the 

oxidized and the reduced forms of the employed redox probes, the following values 

of the diffusion coefficients have been reported in the literature: (a) Fe(CN)6
3−: DR 

= 6.5×10-6  cm2 s-1 [38], and (b) ferrocene: DO = 2.3×10-5 cm2 s-1 [39,40]. 

The redox probes selected for this study display different kinetic sensitivity 

towards the surface chemistry of carbon electrodes [41]. The results obtained by 

employing the outer-sphere Fc/Fc+ redox species indicate a higher area for the 

ERGO electrodes, and, as expected, this increase is more significant for 

GC_ERGO(dc) (Fig. 7). This is in agreement with the findings described in the 

previous section that revealed a higher roughness for the electrodes prepared by 

drop-casting procedure, which is a clear indication for a larger total surface area. 

However, we emphasize once again that the values displayed in the graph below 

are only estimations. The data presented in Fig. 7 show a 17-fold increase in the 

relative standard deviation of the estimated surface area for drop-cast electrodes 

compared to those obtained via direct electrodeposition. Hence, a clear conclusion 

that we may extract from these findings is the superior reproducibility of the direct 

electrodeposition procedure for producing ERGO-modified electrodes. 

The CV recorded in the presence of surface sensitive Fe(CN)6
3−/4− redox 

probes displayed higher capacitive currents for ERGO than that of the bare GC 

electrodes, as it is expected for electrodes with larger electrochemically active 

surface area (results not shown). However, we observed an increase in the 

irreversibility of the voltammetric response after several minutes, in comparison 

with the curves registered immediately after preparing the electrodes (∆Ep in the 

range 0.09 ÷0.16 V at scan rates of 20 Vs-1). This is consistent with some previous 

observations which indicated that freshly prepared graphene is prone to surface 

contamination after short-time exposure to a typical laboratory atmosphere, that 

may hinder the electron transfer [42]. Moreover, it was suggested that for the inner-

sphere species Fe(CN)6
3−/4−, the electron transfer kinetics is also influenced by both 

the existence and charge state of the carboxylate functionalities on the ERGO 

surface [32]. Therefore, the results obtained in the presence of the outer-sphere 



A comparative study on the preparation of glassy carbon electrodes modified with (…)   105 

Fc/Fc+ couple can be considered more reliable, as such systems are insensitive to 

surface chemistry and their kinetics is less influenced by the presence of surface 

oxides or nonspecific adsorbers [43]. 

 

Fig. 7. (A) Cyclic voltammograms (100 mV s−1) recorded in 1 mM ferrocene, 0.1 M TBATFB 

solution in MeCN, at GC and the ERGO electrodes prepared by the two procedures; (B) 

comparison of the estimated active surface area calculated with Randles-Ševčík equation in terms 

of reproducibility. 

4. Conclusions 

This work presents a comparative study regarding the morphology, surface 

chemistry, and electrochemical characteristics of ERGO-modified glassy carbon 

electrodes obtained by direct electrochemical deposition and electrochemical 

reduction of drop-casted GO. As far as we are aware, this is the first study that 

compares the two approaches, and it aims to underline the differences between the 

obtained ERGO-modified electrodes. 

The XPS and Raman investigations indicated that both methods lead to 

ERGO deposits with similar surface chemistry. However, optical microscopy and 

AFM images showed that the surface of drop-casted electrodes is uniformly 

covered with a continuous ERGO layer, while through the direct electrochemical 

reduction of GO, isolated ERGO deposits are formed. Also, drop-casted electrodes 

have an increased surface roughness after the deposition of GO, which decreases 

considerably following the electrochemical reduction step. Finally, the 

voltammograms recorded in the presence of outer sphere redox couples indicated a 

slightly lower reproducibility in the case of the drop casting method. 

Since ERGO-modified GC substrates are frequently used in the 

development of sensing devices, a comparative investigation of the commonly 

employed deposition methods is very useful. Although the integration of carbon 
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nanomaterials into the construction of sensors has clear advantages, ensuring the 

fabrication reproducibility is an essential requirement. Nonetheless, when deciding 

on the most appropriate deposition method, it's important to also consider the 

subsequent surface modification procedures employed for producing sensing 

devices. 
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