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Abstract

Vanadium flow batteries (VFB) are becoming widespread as cheap and reliable electric storage cells. In their

operating principle, VFB are very similar to fuel cells: they contain a liquid energy carrier (a rechargeable elec-
trolyte) and a stack (a fuel cell in which an electrochemical reaction occurs). For the further development of these
systems within the framework of the energy efficiency strategy, it is necessary to increase their efficiency factor,
because currently it is only 60—65 %. In the present work, new electrode materials are developed and studied:
combined electrodes, allowing a decrease in the internal resistance of the cell (a single element of stack design).
To achieve this result, it is proposed to reduce the resistance associated with charge transfer to the electrode
surface by creating an active layer with high surface area on the surface of the electrode (felt). The active layer
was electrically conductive carbon black CH210, which was pre-functionalized to increase its hydrophilicity (the
surface was oxidised in concentrated hydrogen peroxide at elevated pressure and temperature). Electrochemical
measurements have shown that the deposition of an active layer increases the cell efficiency factor by 8.6 % at a

current density of 50 mA/cm?, which confirms the viability of this approach.
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INTRODUCTION

Vanadium flow batteries (VFB) are widely
used nowadays as cheap and reliable storage cells
for alternative energy sources [1] and the systems
of uninterrupted power supply [2, 3]. In the oper-
ating principle, VFB are very similar to fuel cells:
they contain a liquid energy carrier (a recharge-
able electrolyte) and a stack (a fuel cell in which
the electrochemical reaction proceeds). Up to
date, VFB are the most widespread among all
kinds of flow batteries, other kinds to be men-
tioned being the zinc-bromine batteries and or-
ganic flow batteries, currently gaining active de-

velopment [4]. However, VFB attract most atten-
tion because of their distinct advantage: vanadium
is an energy carrier in both the anode and cath-
ode circuits. The reactions proceeding at the elec-
trodes are [5]:

VO*' + H,0 2 VO, + 2H" + e~
VI + em 2 V2

So, if the electrolyte crossover (transfer) from
one circuit to the other occurs, vanadium ions are
simply recharged according to the circuit proper-
ties. This excludes electrolyte poisoning in one

circuit by the electrolyte from another one. So, if
the system gets out of balance because of electro-
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lyte concentrating mainly in one circuit, it may be
brought back to the initial state simply by mixing
the electrolyte.

The vanadium flow batteries have also other
essential advantages. In particular, as they do not
undergo degradation in the case of unstable
charge capacity, their operation lifetime is long,
and they are much more readily utilisable be-
cause of the specific features of their design. In
addition, for the development of systems with
maintenance time more than 4 h, VFB become
economically reasonable in comparison with lithi-
um ion batteries. However, the efficiency of
VEFB is 60—65 % at present, and attempts aimed
at enhancement of their energy efficiency are
necessary for the further development of these
systems. For instance, the studies are carried out
focusing on the development of new electrode
materials, including carbon nanostructures, nano-
tubes, grapheme, ultrafine carbon [6] or with the
deposition of catalytic metal oxide particles: man-
ganese [7], nickel [8], bismuth [9]. Other approach-
es are based on the enhancement of battery mana-
gement efficiency. Unlike for the development of
new materials, when the improvement of battery
parameters is a passive approach, adjustment
methods form an active tool to increase the effi-
ciency.

A flow battery consists of several main ele-
ments: a flow cell (stack), pots with the electro-
lyte, and pumping equipment [10]. The VFB sys-
tem can also include auxiliary elements: the bat-
tery charge control system, the stack balancing
system, and the voltage conversion system. For
instance, the authors of [11] used the algorithm of
pump productivity governing to increase the ef-
ficiency of battery performance. With this new
approach, the efficiency of the system and the
Coulomb efficiency increased by 3.34 and 3.84 %,
respectively, in comparison with the constant
flow rate. This approach is interesting because it
allows solving one of the great problems, namely
untimely battery disconnection, when the charge
level becomes low [12], which results in the in-
complete utilisation of electrolyte energy. The ap-
proach of so-called pulsed flow was used previ-
ously [13], with the pumps operating in the inter-
mittent mode, which allowed the reduction of
load on pumps by almost 50 % with a small de-
crease in the discharge capacity. The total effi-
ciency of the system thus increased to more than
80 %. However, unfortunately, this approach can
be destructive for the pumps because of pulsed
load, which may cause the destruction of insulat-

ing material of the stator in pump motor. Ex-
penses for pump maintenance can reach 14 % of
the expenses for the maintenance of the whole
system [14], and the percentage only increases
within this approach. This shows that the prob-
lem of energy efficiency enhancement is still
highly relevant.

In the present work, to increase the efficiency
of the vanadium flow battery, the approach based
on a decrease in the resistance due to the forma-
tion of an active layer with high specific surface
area on the electrode surface is proposed. Unlike
for the approach described in [15], the active
layer is deposited not onto the whole electrode
surface but only on the region near the proton-
conducting membrane, to decrease the path for
hydrogen ions. In this case, thus arranged active
layer promotes a substantial decrease in the loss-
es and leads to the enhancement of the energy
efficiency of the system.

EXPERIMENTAL

Sample preparation

The initial electrode materials were carbon
felt GFD 4.6 (SGL Carbon, Germany) and electri-
cally conductive carbon black CH210 (Omsk Car-
bon Group, Russia).

The conductive carbon black CH210 was func-
tionalised before depositing on carbon felt. At
first, carbon black was placed in a muffle furnace
in the air for 6 h at a temperature of 400 °C, then
a 1 g portion of carbon black was put in a teflon
autoclave 200 mL in volume, along with 20 mL of
concentrated (25 %) hydrogen peroxide (H,O,,
specially pure grade), and kept there at 60 °C for
48 h. Thus processed carbon black becomes hy-
drophilic (Fig. 1, a). One can see that the pro-
cessed carbon black gets wet and sinks immedi-
ately, while the initial carbon black sinks only
partially, while its major portion remains on the
water surface and does not get wet.

After functionalisation, black carbon was mixed
with the binder solution and deposited on the
carbon felt. The binder solution was prepared in
a vessel with a backflow condenser containing
10 mL of acetone (specially pure grade) and
0.354 g of polyvinylidene fluoride (PVDF, Gelon Lib
Co., China). The mixture was stirred for 30 min at
the acetone boiling point using a magnetic mixer
until the complete dissolution of PVDF.

The weighted portions of 0.36 g were taken
from the obtained samples of functionalised car-
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bon black CH210, these portions were put in a
vessel containing 20 mL of acetone, 2.25 mL of
the PVDF binder, and 0.04 g of electrically con-
ductive carbon black C45 (Gelon Lib Co., China),
and mixing with an overhead stirrer was carried
out for 15 min. Then the suspension was loaded
into a pneumatic paint-spraying gun, and three
layers were deposited onto the surface of the car-
bon felt electrode GFD 4.6 (see Fig. 1, b). The
electrode temperature was maintained at 130 °C.
Thus, the electrode sample FBE-4/160 was pre-
pared (flow battery electrode (FBE) is an elec-
trode with carbon black treated with hydrogen
peroxide in the autoclave for 4 h at 160 °C).

For comparison, FBE-0 (initial felt without
deposition) was used.

Electrochemical tests

Electrochemical tests were carried out in a
two-electrode cell (the general view of the as-
sembled cell is presented in Fig. 1, ¢, and the
model of a cell with spaced elements is shown in

Fig. 1, d) in the galvanostatic mode using an Elins
P20X8 potentiostat (Elins, Russia) at the current
of 156, 313, 469 and 625 mA, which corresponds to
the current density of 25, 50, 75 and 100 mA /cm?
The electrodes were mounted so that the active
layer was directed at the proton-conducting mem-
brane. The voltage ranged from 0.9 to 1.6 V. The
electrode thickness was 4 mm.

The solution containing a mixture of vanadi-
um ions and sulphuric acid was used as the elec-
trolyte. According to the results reported in [16],
the optimal composition of the electrolyte was:
0.8 mol/L VO**, 0.8 mol/L V*" and 3 mol/L SO}".
The composition was confirmed over the intensi-
ties of the corresponding absorption bands of va-
nadium ions in the optical density spectra (Fig. 2),
as described in [17]. For VO** ions, the character-
istic absorption band is observed at 760 nm, while
for V3* ions at 400 nm. The optical density was
measured using an SF-2000 spectrophotometer
(OKB SPEKTR, Russia). Then the two-electrode
cells were filled with the electrolyte, sealed (to

Fig. 1. Photographs of: a — carbon black CH210 before (1) and after (2) functionalisation;
b — deposition of the active layer on the surface of carbon felt; ¢ — the general view of the
assembled measurement cell; d — 3D-models of measurement cell (I — proton-conducting
membrane Nafion 117; 2 — porous electrode; 3 — housing plate; 4 — graphite electrode; 5 — ex-

ternal housing of the cell).
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Fig. 2. The optical density spectra of initial vanadium elec-
trolyte and reference solutions of vanadium (1.6 M VO?*
and 1.6 M V3%).

exclude oxygen access), and measurements were
carried out without electrolyte pumping.

The charge and discharge capacity was deter-
mined from the curves obtained in the galvano-
static mode using the equation

E= IU(t)I(t)dt 1)
0

The energy efficiency was calculated using
the equation

Edisch
n(E) = “E, (2)

while the Coulomb efficiency and voltage effi-
ciency were calculated using the equations

Qdisch (3)

(@) = Q.

nU) = W (4)

The area specific resistance of the cell (assembled
as electrode/Nafion 117/electrode) was determined
similarly to [5], from the total energy losses ac-
cording to the equation

(Eep ~ Egiger)
ASR= —w——F——— 5
I2(tch + tdisch) ( )
where E . and E , are discharge and charge en-

ergy, respectively, J; t, , and t, are discharge
and charge times, respectively, s; I is current at
which the measurement is made, A; @, and @,
are the electric charges of discharge and charge,
respectively, C; ASR is the area specific resistance,
Ohm : cm?; S is the electrode surface area, m?
U jicep, 18 the starting discharge voltage, V.
Impedance spectra were recorded at the fre-
quency within the range from 1 MHz to 1 mHz
with the voltage amplitude of 20 mV using a Bio-
Logic SP-200 potentiostat (France) at the elec-
trode voltage of 1.5 V (open-circuit voltage).

RESULTS AND DISCUSSION

The photographs of samples taken using opti-
cal microscopy are shown in Fig. 3. One can see
that the active layer contains cracks (see Fig. 3, a)
and coarse inhomogeneities, but along with that,
it is rather dense. Carbon felt looks like a nonwo-
ven highly porous material (see Fig. 3, b).

The charge-discharge curves for samples
FBE-0 and FBE-4/160 are shown in Fig. 4. The
plots are normalised for the charging time (¢, ) of
each sample. This procedure is necessary for the
obvious comparison of samples excluding the ef-
fect of electrolyte volume because the amount of

Fig. 3. Photographs of the surface of samples FBE-4/160 (a) and FBE-0 (b).
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electrolyte in each cell may slightly differ. This is
because the electrolyte is not only in the electrode
volume but also in the input channels of the cell,
while a definite portion of the electrolyte can be
removed from the channels during preservation.

One can see in Fig. 4 that the curve of charg-
ing voltage for the FBE-0 sample goes above that
for FBE-4/160, suggesting a higher internal re-
sistance of the FBE-0 sample. Estimating from
the charge-to-discharge switching voltage drop,
we obtain that the internal resistance of FBE-0 is
almost twice as high as that of FBE-4/160.

The results of efficiency calculation for the
samples under study are presented in Fig. 5.
Thus, the charge efficiency (see Fig. 5, a) for
the samples is below 100 %, which is due to the
self-discharge of cells, caused by vanadium ion
diffusion through the proton-conducting mem-
brane [18, 19] depending on discharge time. Ca-
pacity losses can also be due to overvoltage in the
cell because of the non-uniform potential on the
electrode surface [20]. Membrane size is the same
in all samples, so larger energy losses in the
FBE-0 sample may be related exactly with the
non-uniform distribution of the potential over
electrode surface, which is expressed as a de-
crease in the voltage efficiency for the sample
without an active layer (see Fig. 5, b). The result
is a higher energy efficiency for FBE-4/160
sample (see Fig. 5, ¢), and an increase in the ef-
ficiency is non-uniform: it reaches the maximal
value at the current density of 50 mA /cm?

The area specific resistance (ASR) and the
depth of discharge (w), that is, the capacity factor
(the ratio of discharge capacity to the total dis-
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Fig. 4. Charge-discharge curves normalised for charging time
at the current density of 50 mA/cm?

charge capacity) depending on the working cur-
rent are presented in Table 1. The total discharge
capacity was accepted to be the discharge value
at the current 156 mA for this sample. One can
see that the capacity factor w increases for the
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Fig. 5. Dependences of the output efficiency of samples under
investigation on the current density: a — charge efficiency (Q);
b — voltage efficiency (U); ¢ — energy efficiency (E).
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Fig. 6. Nyquist diagrams of the samples FBE-4/160 and FBE-0.
The equivalent circuit to calculate the impedance (Z) is shown
in the insert.

electrodes with the active layer, which is ex-
tremely important for flow batteries, as this pa-
rameter determines the energy output ratio of
the electrolyte in the resulting system [21, 22].

The area surface resistance decreases for the
cell with the deposited active layer, which is fi-
nally the reason of a substantial increase in the
energy efficiency of the cell in comparison with
initial carbon felt.

The Nyquist diagrams fort he studied samples
are shown in Fig. 6. The impedance (Z) was cal-
culated according to the equivalent circuit (see
Fig. 6, insert). The circuit was chosen similarly
to [23—25].

One can see that the FBE-4/160 sample pos-
sesses lower resistance, which has also been indi-
rectly confirmed by the above-mentioned ASR
data (see Table 1). However, analysis of imped-
ance spectra (calculation parameters are present-

TABLE 1

Dependence of discharge depth (w)
and area surface resistance (ASR)
of the samples on the working current

Current, FBE-0 FBE-4/160
mA w, % ASR,Ohm-cm?® w,% ASR, Ohm - cm?
156 100 663 100  5.05
313 55.8 443 751  2.95
469 21.0 3.61 439 264
625 47  3.06 20.2 241

ed in Table 2) shows that resistance R, and the
W-T parameter (the ratio of squared diffusion
layer thickness to the diffusion coefficient) de-
crease, while CPE-P parameter slightly increases.
An increase in the CPE-P parameter can be
explained by a sharp increase in the surface area
of the electrode, which causes the imbalance of
electrode properties towards the capacitor. More
interesting parameters are R2 and W-T. Most
probably, a decrease in W-T is associated with
the counterwork of two factors: a decrease in the
diffusion coefficient due to a decrease in pore size
in the active layer, a decrease in the diffusion
path length due to higher developed surface and
a smaller pore size in the active layer. However,
the factor related to a decrease in the thickness
of the diffusion layer is more distinctly pronounced,
which leads to a decrease in W-T parameter for
FBE-4/160 sample. A similar effect was observed
in [26—28], but the ions of the electrolyte penetrat-
ed the pores inside the fibres in those works. The
effect of the active layer is also pronounced as a
decrease in R2. Most probably, this decrease in ex-
plained by an increase in the specific surface area
of the electrode, which causes a decrease in the
charge transfer resistance on the electrodes.

CONCLUSION

Thus, we have demonstrated the operability
of the concept of combined electrodes for vana-
dium flow batteries, leading to a substantial in-
crease in the cell efficiency (from 60.8 to 80.5 %)
and the capacity factor (from 4.7 to 20.2 %). Most
likely, the reason is a decrease in the losses re-
lated to a decrease in the charge transfer resist-
ance on the electrode surface due to an increase

TABLE 2

Parameters for the calculation of impedance of the samples

Parameter FBE-0 FBE-4/160
R, 0.186 0.175
CPE-P 0.85 0.98

R, 0.427 0.018
W-R 0.26 0.25

W-T 166 80

Note. R, and R, are resistance values at different regions
of the circuit (see Fig. 6, insert); CPE-P — the index of power
in the CPE element (for CPE-P = 1, the element is a capaci-
tor); W-R — the frequency-independent part of Warburg im-
pedance; W-T — the ratio of the squared thickness of diffusion
layer to the diffusion coefficient.
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in the surface area of the active layer. This as-
sumption is confirmed by the results of imped-
ance spectroscopy exhibiting a decrease in the
value of R, parameter from 0.427 to 0.018 Ohm.
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