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A nano porous-graphene oxide edge like (NP-GOel) electrode is presented as an electrochemical active 

material for Ce(IV)/Ce(III) redox couples for Ce-V redox flow batteries. The medium used to prepare 

NP-GOel electrode was 2 M NH3 + 2% 2 M H2SO4 + 1% triton-100. The morphology and 

electrochemical properties of NP-GOel electrode were investigated by atomic force microscopy 

analysis, X-ray photoelectron spectroscopy, and cyclic voltammetry. Surface characterization results 

showed that that NP-GOel electrode possesses nanopores containing hydroxyl (R-OH) and epoxy (C-

O-C) groups. This increase of nano pores containing oxygen functional groups provided excellent 

electrocatalytic activity towards Ce(IV)/Ce(III) redox couples, whereas normally activated and 

prepared in 2 M NH3 medium graphite showed sluggish quasi-reversible electron transfer activity 

towards Ce(IV)/Ce(III), suggesting that the Ce(IV)/Ce(III) redox reaction depends strongly on oxygen-

containing groups generated on the surface of graphite and nano pores. When NP-GOel electrodes were 

modified with Nafion, electrode stability markedly increased with no change in electrode morphology. 

The electrochemically prepared NP-GOel shows promise for Cerium redox properties in Ce-V redox 

flow battery applications. 

 

 

Keywords: Redox flow battery, in-situ preparation of GO, NP-GPel, galvanostatic method. 

 

 

1. INTRODUCTION 

Charge/discharge reactions in the redox flow batteries (RFB) are based entirely on redox 

reactions between soluble ionic species, in contrast to those of common secondary batteries, which 

utilize solid active materials. Accordingly, a long cycle life can be expected for rechargeable cells 

[1,2]. In particular, vanadium redox flow batteries (VRB) have received considerable attention during 

the past few years as promising candidates for applications in remote area power systems, wind turbine 
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generators, load leveling at electric power stations, and for emergency back-up applications [3]. VRBs 

use VO2
+
/VO

2+
 and V

2+
/V

3+
 redox couples in acid medium as the positive and negative half-cell 

electrolytes, respectively, which is most their most important advantage [2]. These batteries have an 

open circuit voltage of approximately 1.26 V in the 100% charge state [4]. In order to increase the 

open circuit voltage or energy efficiency, combinations of metal ions have been used, such as, iron–

chromium [5], all vanadium [6], zinc–ferricyanide [7], vanadium–cerium [8], and zinc–cerium [9]. 

Both vanadium [10] and cerium [11] are advantageous for energy storage due to their relatively large 

(1.56 V vs SHE) standard electrode potentials in aqueous media [12-14].  

Many carbon based materials have been used as the VRB electrode materials, such as, carbon 

felts [15], carbon cloth [16], graphite powder [17], and carbon black [18]. However, these materials 

show poor reversibility towards redox couples. In cerium-vanadium RFBs, cerium oxidation has been 

reported for carbon electrodes [19], but stability over long periods of usage is questionable due to the 

high oxidation potential of Ce(III). Because of this high oxidation potential, carbon particles 

dissolution started from carbon anodes into acid electrolytes and become not usable anode [20]. 

However, conducting polymer coated electrode materials have minimized the carbon particle 

dissolution [21] as composite electrodes [22], but reversibility of mediator ion still lacking. In related 

with catalytic activity, in electrochemistry redox kinetics, oxygen functional groups are considered as 

more eminent catalyst on carbon electrodes [23]. Few publications using grapheme [24], graphite 

oxide [25], and graphene oxide [26, 27] pre-modified like ‘multilayer graphene nanoplatelet [28]’ on 

carbon electrodes where graphene oxides are synthesized by chemical way, in the RFB field were used 

to increase redox kinetics of metal ions. In-situ generation of oxygen groups on carbon surface can be 

an alternative and Hu et al., have adopted with the aim to use the electrochemical preparation of 

graphite oxide [29] but their focus mainly on graphene oxide that were dispersed in solution. To have 

properties similar to those of graphene oxide in solution, the surfaces of electrochemically prepared 

graphite electrode should be graphene oxide like nature such as nano porous with oxides on edge 

planes of each graphite particle. Only one report has focused on in-situ formation of graphene oxide 

nanosheet [30] and its application to sensor. Still more rooms are there to continue for detailed and 

different experimental way to prepare nano porous graphene oxide electrode using simple 

experimental techniques especially to prepare industrial type of electrode.  Here in, we demonstrates 

an improved galvanostatic method, for preparation of graphene oxide edge like electrode with nano 

porous nature and their performances were investigated as active anode materials towards cerium 

redox couples in Ce-V RFBs. 

 

 

 

2. EXPERIMENTAL 

2.1. Preparation of nano porous graphite oxide edge like electrode  

Nano-porous graphite oxide electrodes were prepared using a modification of an existing 

procedure [29], that is, a different electrolyte medium and applied potential. The experimental setup is 

shown in Fig.1. Two identical graphite electrodes (5 mm diameter) (purchased from Sigma-Aldrich), 
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as anode and cathode, were inserted in electrolyte medium containing 2 M NH3 + 2M 2% H2SO4 + 1% 

TritonX-100. A constant potential (CP) (DC 7.5 V) was applied to the electrodes using a DC power 

source (Korea Switching Instruments). The anodic graphite rod was gradually oxidized and exfoliated 

into solution. The colorless electrolyte solution became brown within 5 hrs of operation. In addition, 

some coarse particles exfoliated from the graphite matrix and precipitated on the bottom of the 

container. After 5 hrs, the electrolysis process was terminated and the resultant electrode and 

dispersion were used for further investigations.  

Modification of the NP-GOel electrodes was done using 5% Nafion solution by spread coating. 

Nafion (5 µl of a 5% solution) was spread slowly to cover the electrode surface completely and then 

air dried for electrochemical analysis. 

       

 

 

 

 

 

 

 

 

 

 

Figure 1. Schematic representation of the electrochemical preparation of nano pores-graphene oxide 

edge like (NP-GOel) electrode.  

 

2.2. Characterization of  dispersed solution and electrode 

A UV–vis spectrophotometer (UV1600) was used to monitor the exfoliated carbon particles in 

the solution. Also, High-resolution transmission electron microscopy (HRTEM) images were obtained 

for carbon particle dispersed solution using a JEOL JEM-2000EX2 microscope operated at 200 kV. 

Solutions for HRTEM analysis were sonicated for 2 min and deposited on a copper grid. The surface 

morphologies and compositions of the prepared electrode materials were studied using a Hitachi S-

4800 field-emission high-resolution scanning electron microscope (HRFESEM, accelerating voltage 

(5.0 kV) equipped with an energy-dispersive x-ray spectroscopy (EDS) setup. Atomic force 

microscope (AFM) experiments were performed using a nanoscope IVA multimode AFM equipped 

with a J-scanner and current-sensitive attachment (Digital Instruments, Santa Barbara, CA). Contact 

mode etched silicon probes with a cobalt-chrome coating were used for AFM measurements. X-ray 

photoelectron spectroscopy (XPS) data was obtained using an ESCALab220i-XL electron 

spectrometer from VG Scientific using 300W Al K α radiation. The base pressure was ~3 x 10
-9

 mbar. 

After subtracting the base line (Shirley-type), curve fitting was performed by using a mixed 

Gaussian/Lorenzian peak shape of variable proportion. 
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Rectifier
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2.3. Electrochemical measurements 

Cyclic voltammograms were obtained using a three-electrode electrochemical cell and a PAR 

265 Electrochemical Workstation, USA. Prepared NP-GOel electrodes (5mm diameter) served as 

working electrodes. All potentials were measured using a platinum counter electrode and an Ag/AgCl 

reference electrode. The electrolyte used was a 1 M Ce(III) solution containing 2 M CH3SO3H (MSA) 

(as supporting electrolyte). All tests were performed in presence of dissolved oxygen to mimic real 

applications.  

 

 

 

3. RESULTS AND DISCUSSION 

3.1 Solution characterization 

Fig. 2A shows the UV–vis absorption of exfoliated solution from graphite electrode. Two 

peaks were observed at 219 and 260 nm. The first peak at 219 nm provided an indication of nano-

meter scale (10
-9

) of carbon particles [31] and the other at 260 nm indicates the formation of oxide on 

nano-particles [32]. Fig.2B shows the TEM image of exfoliated graphite particles in solution; particle 

sizes were ~70 nm. These two studies indicated that the electrochemically prepared graphite particles 

in solution were nano-sized. Additionally, as mentioned previously [33], electrochemically 

controllable electronic conjugation has wide applications. Furthermore, if solution phase particles are 

nano-sized then electrode surfaces tend to contain nano-sized pores.  

 

 

 

      

 

 

 

 

 

 

 

 

 

 

Figure 2. (A) UV-Visible spectrum of as prepared graphene oxide dispersed in 2 M NH3 + 2% 2 M 

H2SO4 + 1% (v/v) TritonX-100 using an electrochemical bath. Preparation conditions: Applied 

DC potential = 7.5 V; Duration time = 5 hrs; Electrode = graphite (5 mm diameter) (B) TEM 

image of graphene oxide nano-particles dispersed in 2 M NH3 + 2% 2 M H2SO4 + 1% (v/v) 

TritonX-100 electrochemically. Electrode preparation conditions were the same as those 

mentioned in Fig.2A.  
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3.2 Surface characterization  

The surface elemental compositions of graphite and NP-GOel electrodes after preparation were 

evaluated by XPS analysis (Table 1). The O/C ratio increased from 0.24 to 0.97 for pristine graphite 

and NP-GOel, respectively, is confirming the effectiveness of surface oxidation. The appeared N1s and 

sp2 peaks might have been by NH3 and H2SO4 from electrolyte. In order to identify functional groups 

and its respective percentages, high resolution XPS spectra and curve-fitted C1s spectra were obtained 

(Fig. 3). Peak assignments of different functional groups of graphite and NP-GOel electrode and their 

relative contents are detailed in Table 2.  

 

Table 1. Atomic ratio of the electrodes 

 

Material Elements 

C1s O1s Zn2p3 Ca2p3 N1s S2p O/C ratio 

Graphite 60.50 14.64 3.00 2.79 - - 0.24 

NP-GOel 35.61 34.48 - - 9.17 3.96 0.97 

 

Table 2. Functional groups from deconvoluted XPS spectra of C1s (relative atomic percentage, %) 

 

Sample C=C(Sp2) (284.5 eV) C-OH (285.7 eV) C-O-C(287.8 eV) 

Graphite 83.34 13.30 1.27 

NP-GOel 32.36 45.75 17.22 

 

The content of sp2-hybridized carbon was found to decrease sharply from 83.34 % for pristine 

graphite to 32.36 % for NP-GOel, indicating that a large number of oxygen-containing functional 

groups are generated on NP-GOel, such as, hydroxyl (C–OH -285.67 eV) and epoxy (C–O–C-287.79 

eV), as show in Fig.3(c & d), the latter of which break carbon π bonds and transforms them into single 

C–C or sp3 bonds [34-36]. Almost three times higher of C-OH groups (45.75 %) and sixteen times 

higher of C-O-C group (17.22 %) were obtained for NP-GOel electrode. These findings also suggest 

that specific or controlled preparation of C-OH and C-O-C oxygen groups is possible using the 

described electrochemical method, and that other oxygen functional groups like carbonyl (C=O) and 

acid (COOH) can be avoided. It is noteworthy that graphene oxide modified electrodes means, at this 

stage, multilayer of graphene oxide nano platelets [23]. If the graphene oxide sheets aliened 

perpendicularly on the electrode surface such an arrangement may closely resemble to graphene oxide 

properties. Or monolayer sheet of graphene oxide by perpendicular orientation may be called graphene 

oxide modified electrode. At present no such like electrode was used but the present electrochemically 

prepared electrode resembles perpendicularly oriented graphene oxide edge like electrode, as seen in 

scheme 1. More number of C-O-C and C-OH groups either in or out of plane mimics the graphene 

oxide [37], and thus, the present method of preparation favors graphene oxide edge like formation. 

Additionally, AFM analysis was carried out to determine surface pore structures and sizes (Fig.4). 3D 
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view of normal graphite electrodes showed long voids and rough surface (Fig.4A). On the other hand, 

graphite oxide electrode contained more number of small voids and pores (Fig.4B).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. XPS survey scan spectra and high-resolution spectra of C1s  (a and b) graphite, (c and d) 

NP-GOel. Electrode preparation conditions were the same as those mentioned in Fig.2A. 

 

 

 

 

 

 

 

 

 

 

Scheme 1. Pictorial representation of graphene oxide edge like electrode preparation. 
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Figure 4. AFM images of graphite (A) and NP-GOel (B). The bottom panel figures depict the average 

surface roughness of respective electrodes. Electrode preparation conditions were the same as 

those mentioned in Fig.2A. 

 

The high resolution AFM image (below each 3D image) of the graphite (Fig.4A) and NP-GOel 

(Fig4B) electrodes showed that pore sizes varied from 440 to 160 nm, i.e., NP-GOel electrode had an 

average roughness of 160 nm. We believe that voids and holes in the NP-GOel electrode were 60 to 80 

nm in size at a surface roughness of 160 nm. Our results show that the prepared electrode had nano 

pores and a graphene oxide edge like in nature. 

 

3.3 Electrochemical characterization of NP-GOel on Cerium redox couple 

The cyclic voltammetry (CV) responses of CeIV/CeIII redox couple at three different graphite 

electrodes that prepared using the potential cycling, CP electrolysis in 2 M NH3, and CP electrolysis in 

2 M NH3+ 2% 2 M H2SO4 + 1% triton-100 methods were studied at 20 mVs
-1

 (Fig.5). First, graphite 

electrode pretreated using the potential cycling method, cycling between -0.5 V to 1.0 V for 5 cycles, 

in neutral pH solution and then CV responses were recorded in 0.1 M Ce
3+

 in 1 M MSA solution, 

showed an oxidation potential of 1.53 V and a reduction potential of 1.4 V (Fig.5 curve a). The peak 

potential difference (EP) of the graphite pretreated using potential cycling method was 130 mV, and 

this follows highly quasi-reversible in nature [38]. In the case of the electrode prepared using the CP 

method in the presence of 2 M NH3 solution, CV response showed a peak potential difference of 150 

mV, also indicating a quasi-reversible electron transfer process. At the same time, the electrode 

prepared in presence of 2 M NH3+ 2% 2 M H2SO4 + 1% triton-100 using CP electrolysis method 

showed a highly reversible electron transfer process, in other words a rapid electron transfer process 

with a peak potential difference of almost 60 mV (Fig.5 curve c), which is for one electron transfer 

process [38]. The above results provide evidence that CeIV/CeIII is highly reversible for the electrode 

(A) (B)
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prepared in 2 M NH3 + 2 M 2% H2SO4 + 1% TritonX-100 solution and that this may be due to the 

presence of more oxygen functional groups. This is consistent with reports issued by Sun and Skyllas-

Kazacos [23, 39], who found that the functional groups C–OH and C-O-H catalyze the redox reaction 

by generating active reaction sites. Additionally, a higher charging current (base current) was evident 

in Fig.5 curve c than for the other two preparation conditions, indicating that a larger number of pores 

was formed (nano pores as in Fig.4). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Cyclic voltammograms of a graphite electrode prepared by potential cycling method (a), a 

graphite oxide prepared in 2 M NH3 (b), NP-GOel prepared in 2 M NH3 + 2% 2 M H2SO4 + 1% 

(v/v) TritonX-100 (c) obtained at a scan rate of 20 mVs
-1

 in 0.1 M CeSO4 + 1 M MSA. 

 

Moreover, the diffusion tail (current behavior after oxidation (anodic) peak) was almost zero 

for curve c in Fig.5, indicating that the diffusion layer thickness was low; this is happened only under 

dynamic electrode conditions or when the electrode was rotated [40]. Because of over grapheme 

oxides with nano pores on the electrode surface, linear diffusion becomes non-linear diffusion or 

nearly steady state condition (mass transfer phenomena) at interface [41].
 
Based on the above results, 

the prepared electrode appears suitable as a NP-GOel electrode. The reaction mechanism is presumed 

to be as follows.  
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R-OH + Ce(III)   R-O-Ce(IV) + H
+
 + e   …(1) 

R-O-Ce(IV) + H
+
 + e  R-OH + Ce(III)    …(2) 

 

3.4 Electrochemical characterization of Nafion coated NP-GOel electrodes 

Fig.6(A) shows the CV response of a Nafion coated-NP-GOel electrode under different scan 

rates in 0.1 M Ce + 2 M MSA. The figure shows that peak potential separation increases with scan 

rate. This may be due to deviation from diffusion controlled electron transfer phenomena at higher 

scan rates and morphological change due to oxygen functional group changes. SEM images (Fig.6(B)) 

of both pure NP-GOel and Nafion coated NP-GOel (first 5 cycles) showed no prominent differences in 

electrode morphology that might explain the peak potential increase only from deviation from 

diffusion controlled electron transfer at higher scan rates.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. (A) Cyclic voltammograms of Nafion coated NP-GOel under different scan rates in 0.1 M 

CeSO4 + 2 M MSA. (B) SEM images of NP-GOel (a) and Nafion coated NP-GOel (b). 
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results are depicted in Fig.7. The oxidation/reduction peak current of Ce(III)/Ce(IV) slightly decreases 

with cycle number (over the first 5 cycles). This slow decrease in oxidation/reduction peak current 

continued up to 300 cycles and then stopped, as shown in the inset in Fig.7. This explains the greater 

stability of Nafion coated-NP-GOel on cerium oxidation/reduction. The prepared Nafion coated NP-

GOel electrode appears to be a good alternative for real Ce-V RFB applications.      

 

 

      

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Cyclic voltammograms of Nafion coated NP-GOel under continuous cycling at a scan rate of 

50 mVs
-1

 in 0.1 M CeSO4 + 2 M MSA. Inset: Anodic peak current (baseline corrected) 

variation with number of cycles (Potential at 1.62 V). 

 

 

 

4. CONCLUSIONS 

An NP-GOel electrode was successfully prepared using a modified electrochemical method for 

Ce-V redox RFB applications. UV-Vis and TEM analysis indirectly confirmed the presence of nano 

pores prepared using CP electrolysis method in presence of 2 M NH3+ 2% 2 M H2SO4 + 1% triton-100 

solution medium. In addition, along with the nano pores, NP-GOel contains C-OH and C-O-C groups 

on surface were confirmed by AFM and XPS analysis. NP-GOel electrodes demonstrated better 

electrocatalytic activity towards Ce(IV)/Ce(III) redox couples than normally activated graphite 

electrodes. The catalytic effect of NP-GOel with respect to the oxidation of Ce(III) was attributed to the 

formation of surface active functional groups (C–OH and C-O-C) and nano pores. In addition, a 

Nafion coating on NP-GOel electrodes was found to increase durability. These encouraging results 

suggest that NP-GOel electrodes are promising candidates for Ce-V RFBs. 
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