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Abstract

Vanadium Redox Flow Batteries (VRFBs) are promising candi-
dates for large- scale energy storage applications however, there are
still some obstacles that need to be overcome such as their low en-
ergy density (25-30 Wh L−1 for a 1.8 M electrolyte), high cost and
large environmental impact due to corrosiveness and the unsustain-
ability of vanadium. To address these challenges, we introduce lignin
as a low-cost electrocatalyst and capacity booster for the positive elec-
trolyte. Coated on a glassy carbon electrode, lignin showed electro-
catalytic abilities and improved the electrochemical reversibility of
the VO2+/VO+

2 redox couple significantly. In charge and discharge
cycles volumetric capacities of 28 Ah L−1 (charge) and 23.5 Ah L−1

(discharge) were achieved with a 0.9 M concentrated vanadium elec-
trolyte which surpassed the maximum theoretical capacity of 24.1 Ah
L−1 in the charge. This demonstrates an increase of 7.5 Ah L−1 and 9
Ah L−1 for the charge and discharge cycles, respectively, compared to
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a pristine carbon felt electrode. This work showcases the noteworthy
influence of lignin on vanadium and opens new possibilities for VRFB
chemistry.

Keywords electrocatalyst, energy storage, lignin, redox-targeting, vana-
dium

1 Introduction

Redox flow batteries (RFBs) are promising devices for stationary energy
storage applications due to their long cycle life and their decoupled system
which enables independent scaling of energy and power [1]–[3]. Among vari-
ous RFBs, vanadium redox flow batteries (VRFBs) have received increasing
attention due to their ability of large-scale energy storage in the range of
MW/MWh [4]. However, their utilization is still affected by limiting fac-
tors like the high cost of vanadium, a narrow operating temperature range
(10-40°C) and a low energy density (19-38 Wh L−1 with a commercial 1.5
- 2.0 M concentrated vanadium electrolyte) [3], [5], [6]. The latter issue is
mainly caused by polarization losses due to high overpotentials and subse-
quent hydrogen and oxygen evolution at the electrodes during the charge
process. Various studies have aimed at improving the reaction kinetics at
the electrodes and increase the electrochemical activity of commonly used
carbon felt (CF) electrodes by introducing electrocatalysts. The two main
catalyst categories for the VRFB are metal-based catalysts like iridium, tita-
nium or manganese oxide on carbon felt electrodes [7]–[10] and carbon-based
catalysts like carbon nanofibers or carbon nanotubes [11], [12].

In this work, we propose a new catalytic method for the VO2+/VO+
2

reaction in which alkaline lignin combined with a small amount of multi
walled carbon nanotubes (MWCNTs) is coated on pristine carbon felt elec-
trodes. During the charge and discharge cycles, lignin is oxidized/reduced
while it reduces/oxidizes the VO2+/VO+

2 species, thus exhibiting a capacity
enhancing possibility for the positive half-cell. This concept demonstrates
the prospects of modifying commercial CFs and to lower the environmen-
tal impact of VRFBs by reducing either the catholyte volume or vanadium
concentration and compensating the capacity loss by introducing low cost
and highly abundant lignin [13], [14]. In recent studies Vivo-Vilches et al.
and Ribadeneyra et al. studied electrospun freestanding carbon materials
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derived from lignin as a substitute electrode for commercial CFs for an all
VRFB [15], [16]. However, they reported performances comparable to com-
mercial CFs without an improvement in capacity. Herein, we take advantage
of lignin’s functionality as a redox-targeted catalyst for the VO2+/VO+

2 + re-
dox reaction. While electrochemically oxidized and reduced at the electrodes,
lignin has the ability to act as a charge carrier in the positive vanadium elec-
trolyte and leads to significant capacity enlargements in the positive com-
partment. Its functionality was tested via cyclic voltammetry (CV), linear
sweep voltammetry (LSV) and polarization in a three-electrode system, as
well as during the charge and discharge cycles in a flow cell.

2 Materials and methods

2.1 Preparation of the electrolyte

For the charge and discharge cycles, a solution of 0.9 M vanadium in 4.55 M
sulphuric acid (H2SO4) and 0.025 M phosphoric acid (H3PO4) is used. The
solution is prepared by diluting a commercial vanadium electrolyte (manufac-
turer Oxkem Limited, United Kingdom) with a total vanadium concentration
of 1.8 M (50:50 ratio of V3+/VO2+, 4.6 M H2SO4 and 0.05 M H3PO4). To
obtain 200 ml of a 0.9 M vanadium solution, 100 ml of 4.5 M H2SO4 was
added to 100 ml of the 1.8 M electrolyte. For CV, LSV and polarization ex-
periments, a solution of 0.45 M total vanadium (50:50 ratio of VO2+/VO+

2 )
is used. The solution was prepared by charging the 0.9 M vanadium solution
in a laboratory flow cell (Figure S1 and Table S1) with a constant current of
15 mA cm−1 until a state of charge of 50% was reached. The electrolyte was
then removed and further diluted with deionized water to obtain a 0.45 M
vanadium solution.

2.2 Preparation of lignin coated electrodes

A lignin-based ink was prepared by mixing 5 g lignin, alkali (Sigma Aldrich)
and 0.5 g graphitized multiwalled carbon nanotubes (MWCNTs, Nanografi,
>99.99%). This mixture was filled in a ball mill cylinder and milled for
30 minutes at 400 rpm at 10-minute intervals. Afterwards, 8-10 ml of 1-
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methyl-2-pyrrolidone (99.0%, Sigma Aldrich) was added to create a viscous
ink which was stirred for 20 minutes using an ultrasonic overhead stirrer. For
the CV, LSV and polarization experiments one drop of the ink (1.5 µl) was
coated on a glassy carbon (GC) electrode (surface area 0.071 cm2) using an
ultramicro pipette. The surrounding of the GC electrode was covered with
tape which was later removed so that the coated area was fixed to 0.071 cm2.
Afterwards, the electrode was immediately vacuum dried at 60°C for 24 h.
For charge and discharge cycles in a flow cell a 3 cm × 3 cm carbon felt (CF)
(Sigracell felt GFD 2.5EA) was thermally pre-treated at 400°C for 24 h, then
immersed into the ink and gently dabbed on a paper towel to remove excess
ink and to provide a uniform coating. Afterwards, the felt was immediately
vacuum dried at 60°C for 24 h. The mass gain on the carbon felt was 0.5 g
which corresponds to a lignin mass of 0.45 g.

2.3 Physical characterization

Morphological analysis of the coating was carried out by SEM with a Jeol
JSM-6500F field emission electron microscope. The operating voltage of the
electron beam was 15 kV and at a working distance of 16.5 cm for magnifi-
cations of ×5000, ×10000 and ×50000.

2.4 Electrochemical characterization

The CV, LSV and polarization experiments were performed in a three-
electrode cell arrangement with a glassy carbon working electrode, a platinum
mesh counter electrode and a Ag/AgCl (in 3.5 M KCl) reference electrode.
The measurements were performed in 2 M H2SO4 and in a 0.45 M vana-
dium electrolyte (50:50 ratio of VO2+/VO+

2 ) which was purged with nitrogen
throughout the experiments to maintain an inert atmosphere. The scans
were recorded with an Ivium-n-Stat potentiostat (Multi-channel Potentio-
stat/Galvanostat/ZRA, Ivium Technologies B. V.) at scan rates of 5 mV
s−1, 10 mV s−1, 20 mV s−1 and 50 mV s−1 for the CV and at rotation rates
of 100, 200 500, 1000, 2000 and 3000 rpm for LSV on a rotating disc electrode
(RDE). For each scan rate and rotation rate 4-5 cycles were repeated and
the last or second last cycle was plotted.
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Charge and discharge cycles were performed in a single filter-pressed flow
cell (Table S1 and Figure S1) with thermally pre-treated carbon felt elec-
trodes of 9 cm2 projected area (Sigracell felt GFD 2.5EA). The half cells were
separated by a Nafion NR-212 membrane. The 0.9 M vanadium electrolytes
were stored in sealed beakers under a permanent nitrogen flow and pumped
into the cell by a Masterflex pump (L/S Variable-Speed Digital Drive with
Remote I/O, 6 to 600 rpm; 90 to 260 VAC). The flow rate was fixed at 50 mL
min−1. The operating temperature was maintained at 30°C. Galvanostatic
charging and discharging of the cell was carried out with a Ivium-Vertex po-
tentiostat (Vertex.One, Ivium Technologies B. V.). To avoid overcharge or
deep discharge, cut-off cell voltages were set at 1.9 V for charge and 0.7 V
for discharge. Between each charge and discharge cycle a 10-minutes resting
period was set. The received electrolyte was preconditioned by charging to
a positive (containing VO2+/VO+

2 ions) and a negative (containing V2+/V3+

ions) electrolyte. Charge and discharge cycles were then performed with pris-
tine carbon felt electrodes and afterwards with a lignin coated carbon felt
cathode and a pristine carbon felt anode.

3 Results and discussion

3.1 Structural characterization

The SEM images show the fibers of the pristine carbon felt electrode (Figure
1a) and the coated carbon felt electrode (Figure 1b). It is visible that the
coating adheres to the carbon fibers and is distributed in small conglomerates
consisting of lignin and MWCNTs. Due to the good conductivity provided
by the MWCNTs higher magnifications, where the nanotubes are visible,
could be applied (Figure 1c).

3.2 Electrochemical characterization

To analyse the redox potentials and the catalytic properties of lignin, the
lignin-based ink was coated on a glassy carbon electrode to perform CV and
LSV experiments (Figure 2).

The electrochemical behaviour of lignin was first tested in H2SO4 and
afterwards in the vanadium electrolyte to investigate the oxidation and re-
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duction reactions of plain lignin and lignin combined with vanadium. The
CV scan for lignin in H2SO4 (Figure 2a) showed two oxidation peaks, at 0.41
vs. Ag/AgCl V and at 0.67 V vs. Ag/AgCl and two reduction peaks at
0.34 V and 0.54 V vs. Ag/AgCl, giving E′

0 = 0.38 V vs. Ag/AgCl and E′
0

= 0.61 V vs. Ag/AgCl, respectively, which is in accordance with literature
[17]–[19] and confirms that lignin possesses several functional groups for elec-
tron transfer reactions. When the lignin coated GC electrode was studied in
the positive vanadium electrolyte, an increase in the current density by 4.5
mA cm−1 and a significant improve towards reversibility of the VO2+/VO+

2

redox reaction were observed compared to the bare GC electrode. Oxida-
tion and reduction for the VO2+/VO+

2 species appeared at 1.23 V and 0.31
V vs. Ag/AgCl respectively, while peaks for the VO2+/VO+

2 species com-
bined with lignin were observed at 1.05 V vs. Ag/AgCl for oxidation and
0.82 V vs Ag/AgCl for reduction. Thus, the peak-to-peak separation de-
creased from ∆Ep = 0.92 V for VO2+/VO+

2 on bare GC to ∆Ep = 0.23 V
on lignin coated GC. It is considered that the redox reaction of lignin cor-
responds to a two-electron transfer reaction (Figure S2) while VO2+/VO+

2

is a one-electron transfer reaction. The ratio of the anodic to the cathodic
peak current increased from ipa

ipc
= 0.63 for plain vanadium to ipa

ipc
= 0.96

for vanadium combined with lignin. From the CV curves at different scan
rates in Figure 2b, the kinetic rate constants were calculated from the Tafel
plots (Figure S4), giving the effective anodic and cathodic rate constants of
ka ≥ 7.6×10−7 m s−1 and kc ≥ 4.2×10−6 m s−1 on bare GC (which are com-
parable with literature ([20]), and ka ≥ 4.4× 10−6 m s−1 and kc ≥ 5.1× 10−6

m s−1 on the lignin coated GC electrode. This shows an increase of one order
of magnitude higher for the anodic reaction. LSV scans demonstrate that
compared to the bare GC, the lignin coated GC electrode reduced the hys-
teresis in potential and revealed a more reversible wave for the oxidation and
reduction of the VO2+/VO+

2 couple (Figure 2c and d). From the LSV curves
in Figure 2d, the diffusion coefficients for the VO2+/VO+

2 species were cal-
culated using the Levich-plot (Figure S5) and compared for both electrodes.
With Da = 6.5× 10−11 m2 s−1 for oxidation and Dc = 6.9× 10−11 m2 s−1 for
reduction, the diffusion coefficients for VO2+/VO+

2 on the lignin coated GC
electrode are in the same range as for bare GC (Table S2) and correspond to
the literature values reported for the vanadium electrolyte [21].
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(a)

(b)

(c)

Figure 1: SEM images of the bare CF electrode at a magnification of ×5000
(a) and the lignin coated GC electrode at a magnification of ×10000 (b) and
×50000 (c).
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(a) (b)

(c) (d)

Figure 2: (a) Cyclic voltammograms on a bare GC electrode and a lignin
coated GC electrode measured in 2 M H2SO4 as reference solution, and in
0.45 M positive vanadium electrolyte at a scan rate of 10 mV s−1. (b) Cyclic
voltammograms on a lignin coated GC electrode in 0.45 M positive vanadium
electrolyte at different scan rates (5 mV s−1, 10 mV s−1, 20 mV s−1, 50 mV
s−1). (c) LSV curves on a lignin coated GC rotating disc electrode and on a
bare GC rotating disc electrode measured in 2 M H2SO4 as reference solution,
and in a 0.45 M positive vanadium electrolyte at a rotation speed of 1000
rpm and a scan rate of 10 mv s−1. d) LSV curves on a lignin coated GC
RDE electrode in 0.45 M positive vanadium electrolyte at different rotating
speeds (100, 200, 500, 1000, 2000 and 3000 rpm) and a scan rate of 10 mV
s−1.
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As seen in Figure 3a, the lignin coated GC electrode shows lower po-
larization than the GC for current densities above 7 mA cm−2, where the
bare GC electrode tends towards higher overpotentials due to the OER with
increasing current density.

The lignin coated CF electrode was tested in a flow cell to examine the
possibility of a capacity enhancing effect. Charge and discharge cycles were
performed in a flow cell configuration maintaining volumes of 80 ml in the
negative electrolyte reservoir and 40 ml in the positive electrolyte reservoir
so that the catholyte volume is only half of the anolyte volume. The rea-
son to use half volume in the positive electrolyte was to evaluate if the
lignin/MWCNTs would be able to compensate for the lower catholyte volume
and therefore for the lower electroactive species available. This configuration
provides a capacity limitation by the positive half-cell and enables room for
a visible capacity increase.

(a) (b)

Figure 3: (a) Polarization curves on a lignin coated GC electrode and on a
bare GC electrode for comparison in a 0.45M positive vanadium electrolyte.
(b) Voltage profile of a VRFB with a lignin coated carbon felt cathode and
with a pristine carbon felt cathode for comparison. In both cells, the anodes
were pristine CFs and the anolyte volume was 80 ml, while the catholyte
volume was 40 ml so that the capacity was limited by the positive half-cell.

Figure 3b demonstrates the cell voltage profiles for a flow cell with pristine
CF electrodes in both half-cells (blue line) and with a pristine CF electrode
in the negative half-cell and a lignin coated CF electrode in the positive half-
cell. To analyze the performance of the flow cell, the capacity values were
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compared with the theoretical volumetric capacity which could be achieved
for this system when 100% charged. This can be calculated using Faraday’s
law (1).

Q =
m

M
· F · z (1)

F is Faraday’s constant (96485 C mol−1), z the number of electrons in-
terchanged, and m and M are mass and molar mass of vanadium. The cal-
culation for a 0.9 M concentrated electrolyte with a catholyte volume of 40
ml gives a maximum theoretical capacity of 0.965 Ah. The cell with pristine
CF electrodes reached a charge capacity of 0.82 Ah and a discharge capacity
of 0.58 Ah. Considering that the electrolyte had an initial state of charge
(SoC) of 0-5% measured by OCV, the cell was charged to a SoC of 86% and
discharged to a SoC of 26%, obtaining a Coulombic efficiency of 70%.

After replacing the pristine CF with a lignin coated CF cathode, an in-
crease in the cell voltage for the charge and a decrease of the cell voltage for
the discharge was observed which could be caused by the denser and more
rigid texture of the coated CF. Since it is less porous than the pristine CF,
it causes a higher internal resistance.

However, even at a higher cell voltage a capacity increase by 0.41 Ah for
the charge was observed. For the discharge cycle, a capacity rise by 0.35
Ah compared to the pristine CF cathode was obtained. This led to capacity
values of 1.12 Ah (28 Ah L−1) after charge and 0.94 Ah (23.5 Ah L−1) after
discharge which shows that the charge surpassed the theoretical capacity for
100% SoC for the 40 ml electrolyte by 0.16 Ah (an increase of 16.4%). Thus,
lignin not only has the functionality as redox-targeted catalyst but also acts
as an additional charge carrier in the electrolyte. It is known from the litera-
ture that vanadium is a catalyst for C-O and C-C cleavage of lignin [22], [23].
Thus, it oxidizes lignin while it is reduced. Regarding the redox potential of
lignin, according to literature the only estimation has been done indirectly
[19]. Thus, for the reaction in the vanadium electrolyte the redox potential
could only be determined indirectly from the calculated formal potential (E′

0

= 0.61 V vs. Ag/AgCl) and from estimated/calculated literature values [17]–
[19]. Since the potential is strongly dependent on the pH, a potential range
of E0 = 0.6 - 0.9 V vs. SHE is assumed. The electrochemical redox reactions
occurring at the positive electrode are shown in Equations 2 - 4:

10



Lignin− + 2H+ Charge−−−−−⇀↽−−−−−
Discharge

Lignin+ + 2 e− (2)

E0 (lignin) = 0.6 - 0.9 V vs. SHE

VO2+ +H2O
Charge−−−−−⇀↽−−−−−
Discharge

VO2
+ + 2H+ + e− (3)

E0 (VO2+/VO+
2 ) = 1.00 V vs. SHE

Lignin+ + 2VO2+ −−⇀↽−− Lignin− + 2VO2
+ (4)

During the charge, it is assumed that the reaction starts with the oxida-
tion of lignin due to its lower redox potential, which is accompanied by the
release of H+ (Eq. 2). Once lignin is oxidized and predominant the electrode
surface, the reaction is driven towards the reduction of lignin by the VO2+

ions so that lignin remains unchanged (Eq. 4). Additionally, VO2+ ions
are electrochemically oxidized to VO+

2 ions (Eq. 3). The proof of the redox
reaction between lignin and VO2+/VO+

2 can be visualized in a spontaneous
reaction test (Figure S6). The direction of a spontaneous reaction seems
to be leading to one direction only - the oxidation of lignin. However, CV,
LSV and the charge and discharge cycles implicate that when applied at the
electrode the a reversibility of the reaction is possible. In this way, lignin
is re-oxidized again at the electrodes which explains the obtained increase
in capacity surpassing the theoretical possible capacity for the vanadium
species.

Since the theoretical capacity of lignin is not known from literature, a
relation between mass of applied lignin and expected capacity increase needs
further investigation. Figure 4 shows the voltage profiles and the capacities
and efficiencies over the first 10 cycles. For the first two cycles, an energy
efficiency of 74%, a Coulombic efficiency of 84% and voltage efficiency of
88% were achieved with the modified electrode. While with the pristine
electrode the efficiencies were 65%, 70% and 93%, respectively. It is visible
that the charge and discharge capacities were stable for the first two cycles
but dropped constantly for more cycles. This may be caused by the slow
dissolution of the coating in the electrolyte. Therefore, the amount of lignin
applied to the electrode and the stability of the coating needs to be further
investigated to improve its durability.
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(a) (b)

Figure 4: Charge and discharge cycles with pristine CF as a negative elec-
trode and lignin coated CF as a positive electrode for a 80 ml negative and 40
ml positive electrolyte reservoir. (a) Voltage profile for 10 cycles. (b) Charge
and discharge capacity, Coulombic efficiency (CE) and energy efficiency (EE)
for 10 cycles.

4 Conclusions

We studied the effect of lignin combined with MWCNTs coated on carbon
electrodes in a positive vanadium electrolyte. The electrocatalytic activity to-
wards the VO2+/VO+

2 couple was examined in a three-electrode arrangement
for cyclic voltammetry, linear sweep voltammetry and polarization curves,
and in a single filter-pressed flow cell for charge and discharge cycles. The
results show:

• The reaction kinetics and the reversibility for the VO2+/VO+
2 redox

reactions were greatly improved when lignin was deposited on the elec-
trode.

• The peak-to-peak separation was reduced from ∆ Ep 0.92 V vs. Ag/AgCl
on bare GC to ∆ Ep 0.23 V vs. Ag/AgCl on lignin coated GC, while

the peak current ratio increased from ipa
ipc

= 0.63 for plain vanadium to
ipa
ipc

= 0.96 for vanadium combined with lignin. Thus, lignin increased

the reversibility of the vanadium redox reactions.

• The effective anodic and cathodic kinetic rate constants increased from
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ka ≥ 7.6 × 10−7 m s−1 and kc ≥ 4.2 × 10−6 m s−1 on bare GC to
ka ≥ 4.4 × 10−6 m s−1 and kc ≥ 5.1 × 10−6 m s−1 on the lignin GC
electrode.

• LSVs showed that compared to bare GC the lignin coated electrode
suppressed the OER.

These results are remarkable for the charge and discharge cycles and re-
vealed a significant enhancement in charge storage capacity which surpassed
the maximum theoretical volumetric capacity for the electrolyte by 16.4%,
indicating that lignin not only acts as an electrocatalyst but also as an ad-
ditional charge carrier. Its application in a flow cell needs to be studied in
more detail to be improved for an optimal operation and a longer stability.
The durability of the coated electrode as well as the endurance of lignin in
the electrolyte environment need further investigation. However, it is ex-
pected that this concept will be valid for an improvement in the commercial
application of VRFBs.
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