
Vol.:(0123456789)1 3

Journal of Applied Electrochemistry (2021) 51:331–344 
https://doi.org/10.1007/s10800-020-01490-5

RESEARCH ARTICLE

Electrochemical performance of graphene oxide modified graphite 
felt as a positive electrode in all‑iron redox flow batteries

M. S. Anantha1,2 · D. Anarghya1,2 · Chunyan Hu3,4 · Narendra Reddy1 · Krishna Venkatesh1 · H. B. Muralidhara1

Received: 14 March 2020 / Accepted: 17 September 2020 / Published online: 28 September 2020 
© Springer Nature B.V. 2020

Abstract
In this study, we demonstrate that coating a layer of graphene oxide (GO) onto graphite felts (GF) by electrostatic spraying 
can substantially increase the performance of all-iron redox flow batteries (IRFBs). Graphite felts are extensively used as 
electrodes but they do not have the desired electrochemical properties. GO has good electrochemical features. Hence, GO 
was synthesized from graphite powder and applied onto graphite felts. Chemical and structural features of the bare graphite 
felt electrode (BGF), thermally treated graphite felt electrode (TTGF), and graphene oxide modified graphite felt electrode 
(GOMGF) were characterized using X-Ray Diffraction (XRD), Scanning Electron Microscopy (SEM), Energy Dispersive 
X-Ray Analysis (EDX), Transmission Electron Microscopy (TEM), Raman Spectroscopy (RS), X-Ray Photoelectron Spec-
troscopy (XPS) and Brunauer–Emmett–Teller (BET) surface area analysis. Similarly, the electrochemical performance was 
evaluated using Cyclic Voltammetry (CV), Electrochemical Impedance Spectroscopy (EIS), Tafel analysis and charge–dis-
charge experiments. The Charge–discharge experiments were performed at 1 to 5 mgcm−2 weight of GO on the modified 
graphite felt electrode and varying the current densities from 10 to 40 mAcm−2. The coulombic efficiency (ηC) and energy 
efficiency (ηE) of the cell determined at 20 mAcm−2 for 4 mgcm−2-GOMGF electrodes were found to be 64.61% and 50.27%, 
respectively. Among the three different types of electrodes, the GOMGF electrode showed better electrocatalytic performance 
mainly due to the excellent conducting network of the defective edges of oxygen on the surface of layered flakes of the GO. 
After twenty cycles, the average ηC and ηE of the cell using a 4 mgcm−2-GOMGF electrode were found to be 62.06% and 
42.02%, respectively.
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1  Introduction

Renewable energy sources such as wind and solar are inter-
mittent and unpredictable [1, 2] in terms of their output, 
which is dependent on several environmental factors. Also, 
it becomes difficult to expand or distribute all the energy 
when it is produced in excess or more than expected. Hence, 
storing energy when there is excess availability becomes a 
necessity. Several energy storage systems (ESS) have been 
developed to harvest and store energy, similar to storing 
energy for domestic purposes [3]. However, most of these 
storage systems have limited capacity, are expensive or use 
non-renewable, environmentally unfriendly materials and 
processes. Redox flow batteries are one of the common 
energy storage systems which have several advantages [4–8]. 
Unlike conventional batteries, redox flow batteries have a 
unique design, construction, storage capacity and flexibility 
[9]. In a redox flow battery, the electrolytes are stored in 
reservoirs and redox reactions occur as the liquid electrolyte 
flows through the cell. As the quantity of the electrolyte 
increases, the capacity to store energy increases [10]. Poten-
tially, the capacity of a redox flow battery can be increased 
up to the megawatt-hour level, which makes it very attractive 
for large scale and grid-level storage applications [11].

Among different types of RFB systems, IRFBs are consid-
ered to be more efficient and preferable for grid-level storage. 
In IRFBs, Fe2+/Fe3+ and Fe2+/Fe act as positive and negative 
electrolytes, respectively. A typical reaction occurring in the 
IRFBs is given in Eqs.1-3. As seen from the equations,

The use of ligand supported electrolytes will help in 
the prevention of precipitation of the electrolyte as ferrous 
hydroxide. Previously, reports have described that ascorbic 
acid, an organic acid containing two electrons, reduces the 
oxidation of Fe3+/Fe2+ [12]. It is also mentioned in the lit-
erature that both ascorbic acid and its oxidized forms, hinder 
the hydrogen evolution, and enhances the performance of 
the battery [13].

Electrodes are the critical components in any RFB sys-
tems [14], since the composition, structure and performance 
of the electrode are crucial for achieving high-efficiency 
batteries. Considerable attention has been paid to develop 

(1)
Positive ∶ 2Fe2+ ↔ 2Fe3+ + 2e− E

0
= 0.77 V vs. NHE

(2)
Negative ∶ Fe2+ + 2e− ↔ Fe0 E0

= −0.44 V vs. NHE

(3)Over all ∶ 3Fe2+ ↔ Fe0 + 2Fe3+ E0
= 1.21 vs. NHE
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appropriate electrodes or modify the electrodes using metal 
oxides [15], rare earth oxides [16], carbon catalysts [17], 
functionalized organic materials [18], heteroatom-doped 
catalysts [19], etc. These materials act as electrocatalysts 
in the modified electrodes and increase the effective redox 
reactions by exchanging ions and charges.

Graphene oxide is extensively used to modify electrodes 
and improve the performance of redox flow batteries. For 
instance, thermally reduced GO and different structures con-
taining GO shows enhancement in the performance of the 
cell and increases the stability of the graphite felt electrodes 
toward the redox flow batteries [20–22]. The availability of 
large surface area and effective reactive sites or edges are the 
main reasons for the enhanced electrochemical and catalyti-
cal activity of GO.

In this study, GO modified graphite felts were used as 
positive electrode in IRFBs. The GOMGF electrode showed 
significant enhancement of coulombic efficiency (ηC) com-
pared to bare graphite felt electrode (BGF), thermally treated 
graphite felt electrode (TTGF). To the best of our knowl-
edge, there are no reports on electrode modification and per-
formance characterization using iron electrolytes.

2 � Experimental

2.1 � Materials and methods

Graphite powder, sulfuric acid (H2SO4), phosphoric acid 
(H3PO4), potassium permanganate (KMnO4), hydrogen 

peroxide (H2O2), hydrochloric acid (HCl), ferrous chlo-
ride (FeCl2), ascorbic acid (C6H8O6), ammonium chloride 
(NH4Cl) and absolute alcohol (C2H5OH) was purchased 
from Bangalore Scientific and Industrial Supplies, Ban-
galore, India. All chemicals were used as received, with-
out further purifications. The graphite felt electrode was 
purchased from Rayon Graphite felt (AGFHT), USA. The 
anionic membrane (FUMASEP FAP- 375PP) and Nafion 
binder used were obtained from Fuel Cell Store, USA. The 
battery components such as reinforced epoxy endplates of 
15 mm thickness, copper plates and gaskets were fabricated 
in-house, graphite serpentine flow fields were machined with 
the help of a local vendor M/s Mersen India Pvt. Ltd., Ban-
galore. A schematic of the battery components and assem-
bled system is shown in Fig. 1.

2.2 � Preparation of GO by modified Hummer’s 
method

GO was synthesized from pure graphite powder using mod-
ified Hummer’s method. A 30 ml mixture of H2SO4 and 
H3PO4, was prepared in a 9:1 ratio and stirred for a speci-
fied time. Pure graphite powder (0.225 g) was added into 
the beaker containing the mixture of the two acids. Later, 
1.32 g of KMnO4 was slowly added and the mixture was 
stirred continuously for 6 h. During this process, the color 
of the solution changes from brownish to dark green indi-
cating the formation of GO. H2O2 (0.7 ml) was added drop-
wise to remove the excess volume of KMnO4 in the solution. 
Later, the solution was allowed to cool and centrifuged to 

Fig. 1   A typical assembly of the 
IRFBs
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precipitate the GO. The residue obtained was washed with 
dilute HCl followed by deionized water. The washing pro-
cess was repeated 3–4 times and the obtained GO was dried 
in an oven at 363 K for 24 h [23].

2.3 � Modification of BGF

A known quantity of GO was dispersed in alcohol by con-
tinuous stirring at room temperature using a magnetic stirrer 
for about 5 h (350 rpm). Nafion (5wt %) was added to the 
above solution and sonicated for about 15 min. Later, either 
side of the BGF was coated with GO using 1.4 mm internal 
diameter nozzle spray gun (Aimex H-827) at an air pressure 
of 58 PSI. Coated electrodes were vacuum dried for about 
24 h maintaining a temperature of 353 K and pressure 25 
PSI.

2.4 � Characterizations

XRD studies of the GO, unmodified and modified electrodes 
were carried out on an eco D8 Advance Bruker XRD system 
(Cu Kα radiation source, λ = 0.154 nm). The morphology 
of the GO, BGF, TTGF, GOMGF electrodes was analyzed 
using SEM (SEM-JEOL JSM 840A) and elemental analysis 
was performed using EDAX at 20 kV. Raman spectra of 
BGF, TTGF and GOMGF electrodes were analyzed using 
(HORIBAJOBINYVON LABRAM) with 532 nm LASER 
at an exposure time of 5 s. A charge-coupled device (CCD) 
was used as a detector for the analysis with 1800 lines/mm 
grating. XPS analysis was carried out using (KRATOS-
AXIS ULTRA DLD) with Al-Kα radiation (1486.6 eV). 
The determination of specific surface area, pore volume 
and pore diameter were done on ASAP 2010 Micrometrics 
instrument.

2.5 � Electrochemical studies

CV, EIS (frequency range: 0.01 to 105 Hz) and Tafel analy-
sis were carried out using an electrochemical work station 
(CHI600E Series) with a conventional three-electrode sys-
tem. The working electrodes used in the studies were BGF, 
TTGF, GOMGFs, Ag/AgCl electrode as a reference elec-
trode and platinum is a counter electrode. FeCl2 solution was 
prepared using deionized water and used as the electrolyte. 
All the experiments were performed under ambient room 
temperature.

2.6 � Charge–discharge studies

A single-cell having 132 cm2 active area with GOMGF and 
BGF positive and negative electrodes, respectively, were 
used for the charge–discharge studies (Fig. 1). FUMASEP 
FAP-375PP was used as a separator.

The iron-electrolyte was prepared using a mixture 
of 3.25 M FeCl2, 0.3 M C6H8O6 and 1.0 M NH4Cl with 
deionized water. Here, C6H8O6 acts as ligand and reduces 
the pH imbalance of the electrolytes. NH4Cl increases the 
conductivity of the FeCl2 electrolyte. The iron-electrolyte 
stored in glass reservoirs acts as anolyte and catholyte and 
was connected to the redox flow cell using a rubber hose. 
The flow of the electrolyte into the cell was controlled at 
130 ml min−1 using a peristaltic pump (RH-P100L-200-2H-
1D). The charge–discharge and cycling studies were carried 
out using the Bitrode life cycle tester (LSV 1-100/0.1-47) 
by varying the current density from 10 to 40 mAcm−2 and 
potential between 0.8 and 1.5 V. Coulombic (ηC), voltaic 
(ηV) and energy (ηE) efficiencies were calculated using the 
following equations:

3 � Results and discussion

The XRD spectra of GO, BGF, TTGF and 4 
mgcm−2-GOMGF electrodes are shown in Fig.  2. GO 
showed an intense peak at 10.0° which is indexed to be 
(001) lattice plane and considered to be caused by the 

(4)

Coulombic efficiency =
Discharge current × Discharge Time

Charge current × Charge Time
× 100

(5)

Voltaic efficiency =
Average discharge voltage

Average charge voltage
× 100

(6)
Energy efficiency

=
Discharge current × Discharge Time × Discharge voltage

Charge current × Charge Time × Charge voltage
× 100

Fig. 2   XRD spectra of GO, BGF, TTGF and GOMGF electrodes
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presence of oxygen functional groups attached to either 
side of the graphene sheets [24]. This peak has good 
agreement with the pure graphene oxide JCPDS file 
number-00-065-1528. The crystalline phases of BGF, 
TTGF and 4 mgcm−2-GOMGF show diffraction peaks 
at 25.31°, 42.59°, 52.59°, and 77.98° representing the 
hkl planes (002), (101), (004), (110), respectively. The 

intensity of peaks decreased in TTGF compared to BGF 
due to oxidation of the GF during the thermal treatment. 
However, the intensity of the peak at 10.0° and 25.31° 
increases in 4 mgcm−2-GOMGF due to the deposition of 
GO on the surface of GF (Pure graphite, JCPDS file num-
ber-00-04-1487). In 4 mgcm−2-GOMGF electrode, the 
presence of a small peak at 10.0° confirms the deposition 

Fig. 3   SEM images of a GO, 
b BGF electrode, c TTGF 
electrode, d 1 mgcm−2-GOMGF 
electrode, e 2 mgcm−2-GOMGF 
electrode, f 3 mgcm−2-GOMGF 
electrode, g 4 mgcm−2-GOMGF 
electrode, h 5 mgcm−2-GOMGF 
electrode, and i EDAX spec-
trum of 4 mgcm−2-GOMGF 
electrode
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of GO on the surface of the GF with a hexagonal crystal 
structure. Using Scherrer’s equation, the average crystal 
size of GO in the 4 mgcm−2-GOMGF electrode was deter-
mined for a high-intensity peak from the XRD spectra. 
The crystal size of GO in the 4 mgcm−2-GOMGF elec-
trodes was found to be 6.76 nm. The nano GO increases 
the electrochemical and catalytic activity toward the redox 
reactions.

where k is a dimensionless shape element, which determines 
the particle’s size (k = 0.9), t is the mean size of the ordered 
(crystalline) domain, θ is the Bragg angle, λ is the X-ray 

(7)t =
k�

� cos �

wavelength and β is the full width at half-maximum of the 
peak (in radians).

Morphology of GO, BGF, TTGF and GOMGF electrodes 
is shown in Fig. 3. GO had disordered layers of nanoflake 
agglomerates with wrinkle-like appearance as seen from 
Fig. 3a. In Fig. 3b and c, the microwire morphology of BGF 
and TTGF electrodes can be observed. The active surface 
of graphite wires is clearly evident in TTGF electrode than 
BGF electrode due to the effective thermal treatment. Fig-
ure 3d–h shows SEM images of the GOMGF electrodes 
with an increasing weight of the GO particles from 1 to 
5 mgcm−2. The nano flaked layers of GO were finely and 
uniformly deposited on the surface of the GF electrodes. 
The deposited GO flakes are porous, wrinkled and have a 
unique structure with more active sites of oxygenated moie-
ties, which are responsible for the enhancement of electro-
catalytic activity in 4 mgcm−2-GOMGF electrode. Elemental 
analysis of the 4 mgcm−2-GOMGF electrodes indicated only 
carbon and oxygen elements as shown in Fig. 3i.

Figure 4 represents the Raman spectrum of the BGF, 
TTGF and 4 mgcm−2-GOMGF electrodes. The D and 
G band peaks for BGF and TTGF electrodes are repre-
sented at 1347.97 cm−1, 1358.08 cm−1 and 1590.59 cm−1, 
1600.69 cm−1, respectively. The G band of TTGF elec-
trode was higher compared to BGF, probably due to the 
oxidation of GF during thermal treatment. The ID/IG value 
of the BGF and TTGF electrodes were 1.211 and 1.106. 4 
mgcm−2-GOMGF electrodes showed strong D and G bands 
at 1347.97 cm−1 and 1585.14 cm−1. The ratio of intensities 
(ID/IG) was 1.008. 4 mgcm−2-GOMG electrode showed 
less ID/IG value than the BGF and TTGF electrodes due to 
the modification of GO on the GF. The increase in defects 
and disorders in the 4 mgcm−2-GOMGF due to oxygen-
containing functional groups on the graphitic planes of 
GO, leads to more active adsorption points or reactive 

Fig. 3   (continued)

Fig. 4   Raman spectra of BGF, TTGF and GOMGF electrodes (Exci-
tation at 532 nm)
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Fig. 5   XPS spectra of survey and deconvoluted C1s spectra of BGF electrode (a and b), TTGF electrode (c and d) and GOMGF electrode (e and 
f)
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places for the electrode reactions causing high perfor-
mance of electrochemical behavior toward the Fe2+/Fe3+ 

reactions and vice versa [25, 26]. The same disorders were 
also observed in the SEM analysis.

Figure 5 presents the XPS spectra of BGF, TTGF and 
4 mgcm−2-GOMGF electrodes and curves fitted with 
C1S deconvoluted spectra. The important peaks obtained 
upon deconvolution of C1S spectra were observed at 
284.5 eV to C–C sp2, whereas for C–OH and –C=O at 
286.3 eV and 288.3 eV, respectively. On analyzing the 
spectra of modified electrode samples, the peak intensi-
ties of the C–C functional groups decreased from BGF 

Table 1   Relative percentages of functional groups on the sample sur-
faces (%)

Samples Elements

C1S O1S O/C ratio

BGF 96.36 3.64 0.037
TTGF 95.85 4.15 0.043
GOMGF 80.65 19.35 0.239

Fig. 6   a Nitrogen adsorption–desorption isotherms and b correspond-
ing pore size distribution curve of the GO

Fig. 7   a EIS plots of BGF, TTGF and GOMGF electrodes. b Randles 
equivalent circuit of the BGF, TTGF and GOMGF electrodes

Table 2   Parameters obtained by fitting the Nyquist plots

The important outcome of the present study are given in bold

Material Rs (Ω) Rp (Ω)

BGF 3.27 246.36
TTGF 2.64 159.36
1 mgcm−2-GOMGF 2.21 67.94
2 mgcm−2-GOMGF 2.26 5.81
3 mg cm−2-GOMGF 1.68 3.63
4 mgcm−2-GOMGF 1.44 2.06
5 mgcm−2-GOMGF 2.24 5.25
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to 4 mgcm−2-GOMGF electrodes but an increase in peak 
intensities of the –C=O and C–OH functional groups 
indicates an increase in the percentage of oxygen of the 
4 mgcm−2-GOMGF electrodes. Table 1 substantiates the 
increase of oxygen level in the 4 mgcm−2-GOMGF elec-
trodes based on the relative oxygen percentage of 19.35 
and the O/C ratio of 0.239. These values were higher 

compared to the BGF and TTGF which may enhance 
reactive sites on the surface of the 4 mgcm−2-GOMGF 
electrodes and improve the electrocatalytic activity [27].

Figure 6a shows the BET analysis of adsorption–des-
orption isotherms and Fig. 6b represents the pore distribu-
tion of GO in the N2 atmosphere. In adsorption–desorp-
tion isotherm the relative pressure was observed between 
0.2 and 0.9 represents the Type IV isotherm. During des-
orption, broadening of curve were observed, indicates 
the H2(a) hysteresis loop with maximum microspores. 
Pore size distribution curve represents the intense peak 
less than 2 nm and small peak around the 3 nm shows 
the maximum of micro pore and minimum mesoporous in 
nature were confirmed from the BJH and t-plots. The aver-
age pore size was in the range of 1 to 4 nm. The surface 
area of the GO material was 41.316 m2/g. These proper-
ties of GO improved the electrocatalytic activity of the 
4 mgcm−2-GOMGF electrode, shows better characteristic 
results in all electrochemical and performance studies.

3.1 � Electrochemical analysis

EIS measurements were carried out for BGF, TTGF and 
GOMGF electrodes in FeCl2 electrolyte and the results are 
shown in Fig. 7a. The spectra obtained show a similar pattern 
of a depressed capacitive semi-circle in the high-frequency 
region, whereas a sloping straight line in the low-frequency 
region. Rs is bulk solution resistance and Rp is Faradaic 
interfacial charge-transfer resistance. It is important param-
eters indicating the capacity of the electrolyte and working 
electrodes. Rs and Rp of BGF, TTGF and GOMGF elec-
trodes were compared with the Randles equivalent circuit is 
shown in Fig. 7b and values are listed in Table 2. The Rs of 
all the electrodes were around 2Ω, except BGF which has 
a considerably higher Rs 3.27 Ω. The 4 mgcm−2-GOMGF 
electrode provides the least Rp value of 2.06 Ω, which may 
be due to the presence of –OH, –COOH functional groups 
on the surface of the electrodes and other active sites which 
enhances the redox reaction of the FeCl2 electrolyte at the 
interface of the electrode. The resistance of the GOMGF was 
lowest up to a certain extent of modification, beyond which 

Fig. 8   a Cyclic voltammograms of various electrodes at a scan rate of 
30 mVs−1. b Variation of scan rate using a 4 mgcm−2-GOMGF elec-
trode

Table 3   Electrochemical 
parameters obtained from CV 
curves

The important outcome of the present study are given in bold

Electrode Ipa (mAcm−2) Ipc (mAcm−2) Ipa/Ipc Ec (V) Ea (V) ∆E (V)

BGF 8.769e−3 5.389e−3 1.627 0.458 0.131 0.389
TTGF 2.794e−3 3.291e−3 0.848 0.032 0.295 0.263
1 mgcm−2-GOMGF 1.141e−3 8.092e−3 0.141 0.199 0.496 0.297
2 mgcm−2-GOMGF 1.046e−3 6.515e−3 0.160 0.154 0.489 0.335
3 mgcm−2-GOMGF 1.351e−3 1.171e−3 1.153 0.145 0.590 0.445
4 mgcm−2-GOMGF 1.921e−3 1.802e−3 1.066 0.147 0.325 0.178
5 mgcm−2-GOMGF 1.030e−3 7.426e−3 0.138 0.085 0.663 0.578
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the resistance increases due to the increase in the internal 
resistance of GO [28].

The CVs of BGF, TTGF and GOMGF electrodes are 
shown in Fig. 8a. 4 mgcm−2-GOMGF electrode showed 
a significant difference in the redox peaks compared to 
BGF, TTGF electrodes. Among all modified electrodes, 
4 mgcm−2-GOMGF electrode exhibits the highest level of 
electrochemical performance. The relative CV which rep-
resents the difference of cathodic and anodic peak potential 
(∆E) for 4 mgcm−2-GOMGF electrodes is around 0.178 V 
at a scan rate of 30 mVs−1. Similarly, the ratio of anodic 
(Ipa) and cathodic (Ipc) peak current densities is 1.066. ∆E 
of the BGF and TTGF electrodes is 0.389 V and 0.263 V, 
respectively, the relative Ipa/Ipc values are 1.627 and 0.848 
shows irreversible reactions toward the Fe2+/Fe3+ redox 
reactions. The derived electrochemical data are given in 
Table 3. The lower ∆E and ratio of Ipa and Ipc approaching 
1 in 4 mgcm−2-GOMGF electrode indicates better revers-
ibility and good electrochemical catalytic activity toward 

Fe2+/Fe3+ redox reactions. Figure 8b shows the CV varia-
tions as the scan rate changes from 10 to 100 mVs−1. The 
4 mgcm−2-GOMGF electrode exhibits the best reversibility 
and electrochemical catalytic activity probably due to the 
appropriate modification of GO flakes. In addition to the 
better catalytic activity of GOMGF electrodes due to the 
presence of oxygenated disordered active sites, the wrinkled 
layers provide an effective surface for the oxidation of Fe2+ 
to Fe3+ and reduction of Fe2+/Fe0 for the redox reaction of 
FeCl2 system [29]. The CV studies have good agreement 
with the EIS analysis of GOMGF electrodes (weight cm−2) 
based on the ∆E and Ipa/Ipc values.

Tafel plot of BGF, TTGF and GOMGF electrodes as 
shown in Fig. 9. From the Tafel plot of the electrodes cal-
culated the linear polarization resistance values are given 
in Table 4. The calculated linear polarization resistance 
decreased from BGF, TTGF and 1 to 4 mgcm−2-GOMGF 
electrodes but 5 mgcm−2-GOMGF electrodes showed 
a sudden increase in the linear polarization resistance. 
Among all electrodes, 4 mgcm−2-GOMGF electrode 
provides a very low resistance of 13 ohms, whereas 5 
mgcm−2-GOMGF electrode shows a much higher resist-
ance of 201 ohms, which may be due to the increase in 
internal resistance because of high amount of GO on 
GF electrode [30]. SEM image also confirmed the high 
amount of GO on the surface of the 5 mgcm−2-GOMGF 
electrodes. The decrease in the linear polarization resist-
ance value for modified electrodes may be due to the elec-
trocatalytic activity of the heavily wrinkled nanoflake GO 
deposited on the GF electrode [31].

4 � Performance characterization 
of single‑cell flow battery

The charge–discharge studies were carried out using 132 
cm2 cell between current density of 10 to 40 mAcm−2. In 
the cell, BGF, TTGF and GOMGF electrodes were used as 
positive electrode and BGF as negative electrode. The effi-
ciencies of the cell using BGF, TTGF and GOMGF elec-
trodes were calculated and compared at 20 mAcm−2. The 
4 mgcm−2-GOMGF electrode provides the best efficiencies 
than the BGF, TTGF and other GOMGF electrodes as shown 
in Fig. 10a. The corresponding ηC and ηE values are pro-
vided in Table 5. The 4 mgcm−2-GOMGF electrode shows 
good reversibility for the redox process of the FeCl2 system 
(Fe2+/Fe3+), due to the lower charge-transfer resistance and 
lesser electrochemical polarization as observed in the elec-
trochemical studies.

Figure  10b represents the performance of the 4 
mgcm−2-GOMGF electrode at current densities between 
10 and 40 mAcm−2. The ηC ηE were between 50.05% to 
65.94% and 41.08% to 42.02, respectively (Table 6).

Fig. 9   Tafel plot of BGF, TTGF and GOMGF electrodes

Table 4   Linear polarization resistance value of the electrodes from 
the Tafel plot

The important outcome of the present study are given in bold

Sample Linear polariza-
tion resistance 
(Ω)

BGF 1120
TTGF 322
1 mgcm−2-GOMGF 240
2 mgcm−2-GOMGF 191
3 mgcm−2-GOMGF 29
4 mgcm−2-GOMGF 13
5 mgcm−2-GOMGF 201
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Fig. 10   a Performance studies for BGF, TTGF and GOMGF elec-
trodes. b Variation of current densities (10–40 mAcm−2) of 4 
mgcm−2-GOMGF electrode. c Cyclic charge–discharge performance 

of the 4 mgcm−2-GOMGF electrode at 20 mAcm−2. d Effect of ηC vs 
number of cycles

Table 5   Battery performance characterization for all the electrodes at 
20 mAcm−2

The important outcome of the present study are given in bold

Electrode sample Coulombic 
efficiency (ηC)

Voltaic effi-
ciency (ηV)

Energy 
efficiency 
(ηE)

BGF 28.14 71.13 20.01
TTGF 38.33 73.24 28.07
1 mgcm−2-GOMGF 52.37 77.96 40.82
2 mgcm−2-GOMGF 54.73 75.51 41.32
3 mgcm−2-GOMGF 60.70 75.51 45.83
4 mgcm−2-GOMGF 64.61 80.82 52.21
5 mgcm−2-GOMGF 54.30 73.93 40.14

Table 6   Battery performance characterization using 4 
mgcm−2-GOMGF electrode

Current densities 
(mAcm−2)

Coulombic effi-
ciency (ηC)

Voltaic effi-
ciency (ηV)

Energy 
efficiency 
(ηE)

10 50.05 82.08 41.08
20 64.61 77.81 50.27
30 65.29 71.67 46.79
40 65.94 63.73 42.02
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In addition, the stability of the cell was studied using 
4 mgcm−2-GOMGF electrode as shown in Fig. 10c and 
results obtained are included in Table 7. The evolution 
ηC of 4 mgcm−2-GOMGF electrode was plotted against 
the number of cycles as shown in Fig. 10d. The ηC for 1st 
cycle was found to be 64.29% which increases to 64.86% at 
2nd cycle, but decreases gradually and becomes 56.08% at 
13th cycle this decrease in ηC was attributed the inactivity 
of membrane. Membrane was cleaned using dilute HCl 
and charge–discharge studies were continued up to 20th 
cycle. The average ηC and ηE were found to be 62.06% and 
42.02%, respectively, after 20th cycles. It has been found 

that ηC start decreasing further after 20th cycle due to loss 
of stability of the electrolyte. At a current density of 40 
mAcm−2 ηC and ηE was 64.80% and 48.0%, respectively. 
The modification of GF with GO was enhanced the charge/
discharge and cycle performance of the IRFB.

Most of the reports on all-iron flow batteries use non-
aqueous iron electrolytes with three-electrode systems and 
active areas lesser than 25 cm2 of cells. Few studies also 
reported aqueous iron electrolytes and their work mainly 
focused on the ligand optimizations [32–36]. The perfor-
mance of iron flow batteries made using different sizes 
of cells is compared in Table 8. The cells used in the lit-
erature in IRFBs are produced performance efficiencies 
of 90–97% with lower current densities lesser or equal 
to 10 mAcm−2. The non-aqueous iron electrolytes used 
in the IRFBs systems were not economical and also pose 
a hazard to the environment, but aqueous electrolytes 
are eco-friendly. In this work, aqueous iron-electrolyte 
is used for performance characteristics of 132 cm2 cells. 
The 4 mgcm−2-GOMGF electrode was produced 65.94% 
columbic efficiency as compared with the BGF electrode 
(28.14%).

5 � Conclusions

GO synthesized using modified Hummer’s method had a 
nanoflake structure. Synthesized GO was used to modify 
GF electrode by electrostatic spraying after ultrasonic 
treatment. Performance characterization of BGF, TTGF 
and GOMGF electrodes was studied using FeCl2 as an 
electrolyte. At 20 mAcm−2, the 4 mgcm−2-GOMGF 
electrode exhibits good charge/discharge characteristics 
with a ηC and ηE of 64.61% and 50.27%, respectively. 
4 mgcm−2-GOMGF electrode also had good agreement 
with all electrochemical studies and structural characteri-
zations. Therefore, the modification of the GF electrode 
could be efficiently and effectively tuned to obtain the 
desired surface activity and properties of the electrode. 
Although the flow battery exhibits relatively average 

Table 7   Multiple cycling study of a cell using 4 mgcm−2-GOMGF 
electrode at 40 mAcm−2

The important outcome of the present study are given in bold

Cycle number Coulombic effi-
ciency (ηC)

Voltaic effi-
ciency (ηV)

Energy 
efficiency 
(ηE)

1 64.29 73.93 47.52
2 64.86 74.12 48.06
3 64.34 73.8 47.48
4 64.8 74.08 48.00
5 64.45 73.91 47.63
6 63.52 73.21 46.50
7 63.47 73.43 46.61
8 62.91 72.87 45.84
9 62.84 72.42 45.51
10 61.53 72.18 44.41
11 61.43 71.93 44.19
12 60.28 71.85 43.31
13 58.12 68.74 39.95
14 62.59 72.41 45.32
15 62.12 72.18 44.84
16 61.53 71.87 44.22
17 61.24 71.74 43.93
18 60.87 70.16 42.71
19 60.08 69.95 42.03
20 56.08 64.53 36.19

Table 8   Performance characterization of various cell in an iron electrolytes

The important outcome of the present study are given in bold

Positive electrode Electrolyte Coulombic efficiency 
(ηC) (%)

Area of electrode 
(cm2)

References

Iron rod Iron (II) chloride, Iron (II) sulfate 97 1 [32]
Porous carbon paper Iron(III) chloride, Iron(III) sulfate 90 10 [33]
Glassy carbon Iron-triethanolamine, Iron-cyanide 93 – [34]
Graphite rod Iron-triethanolamine/bromide 82.4 0.103 [35]
Rotating disk glassy carbon Iron (II) chloride, 97 25 [36]
Rayon graphite felt (4 

mgcm−2-GOMGF)
Iron (II) chloride 65.4 132 This study



343Journal of Applied Electrochemistry (2021) 51:331–344	

1 3

efficiency, the cyclic performance analysis reveals that 
all-iron aqueous electrolytes are potentially feasible. The 
ηC and ηE can be further increased by modifying the elec-
trolytes. Furthermore, optimizing the electrolyte, selecting 
appropriate membranes and optimizing the electrocatalyst 
may lead to better performance of IRFBs and needs to be 
explored.
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