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Abstract An experimental setup with two external saturated calomel reference electrodes SCE and two flow
cells was established for flow battery research application. By using this setup the cell voltage potentials and
open circuit potentials of the positive and negative electrodes for a lab-scale flow battery single cell could be de-
termined simultaneously during charge-discharge C-D cycle test. Then the ohmic internal resistance drop iR
drop  overpotentials at the negative and positive electrodes of the cell during C-D process were calculated. The
average iR drop accounts for about 74% of the total voltage losses during the C-D cycle at current density of 60
mA- cm > suggesting the voltage efficiency VE of vanadium redox-flow battery VRB  single cell with
graphite felt as electrodes and Nafion 117 as battery separator was limited by the cell ohmic internal resistance.
The C-D curves show that the appearance of the end-point of discharge is mainly due to the zoom of negative e-
lectrode over potential. The VRB single cell designed in this work achieves an excellent performance with voltage
and energy efficiency up to ca. 89% and 85% respectively at C-D current density of 60 mA- em? indica-
ting structure of the cell is reasonable and graphite felt is suitable for VRB electrode application.
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1 Introduction coulombic voltage and energy efficiencies °  here-
after abbreviated as CE VE and EE respectively .
In fact CE VE and EE of the cell are not independ-
ent and EE can be defined as the product of VE and
CE ° . The EE of a cell should be governed by vari-

13 . . . - .
ous factors including 1 resistive losses in the

The vanadium redox-flow battery VRB  pro-
posed by Skyllas-kazacos and co-workers '? has re-
ceived considerable attention all over the world *'°
and been considered a promising energy storage tech-

nology for stationary applications due to its long cy-
cle life flexible design and deep-discharge capabili- electrolytes  membrane and electrodes 1. e. iR
ty drop il mass transfer losses in the electrolyte 1.
The performance of a redox-flow cell may be e- e. concentration polarization il loss of voltage

. . . . . due to large overpotential i. e. activation polariza-
valuated from the engineering point of view by its & P p

tion for electrode reactions with slow kinetics  iv

Received date 2006-03-10 accepted date 2006-05-20  * Corresponding Author Tel 86411 84379072 E-mail zhanghm@
dicp. ac. cn

Supported by Hi-Tech Research and Development Program of China 2005AA516020



. 13-

loss of faradic efficiency due to possible side reac-
tions and v loss of faradic efficiency due to cross-
over of ions through the membrane. The above factors
affecting the EE of the cell may be divided into two
categories. One can be called as VE factors 1. e.

the factors 1 to iii  which control the voltage los-
ses of the cell during charge-discharge C-D cycle
and the other is CE factors including the factors iv

i. e. the CE fac-

tors are related closely with the membrane type

and v . The factors governing CE

factor v and the redox couple factor iv

used in the flow cell. Leaving the CE aside to realize
high EE of a flow cell
should be as low as possible. Therefore if the extent
of the effect of each VE factor on cell VE during C-D

cycle can be identified

the VE factors 1 to iii

the flow cell performance
could be improved more efficiently and intentionally.
In the present work the cell voltage potentials
and open circuit potentials of the positive and negative
electrodes of a lab-scale VRB single cell were simul-
taneously determined during C-D cycle tests. The iR
drop of the cell and the overpotentials of the positive
and negative electrodes during charge and discharge
processes were then calculated. The relative extent of
the effect of each VE factor on cell VE was thus
disclosed during C-D cycle. Also other properties
corresponding to C-D process of the cell were studied

and discussed.
2 Experimental

2.1 Electrode Material and Electrolyte
Samples of 3 mm thick polyacrylonitrile PAN -
based graphite felt GF
positive and negative electrode materials. As shown in
Fig. 1

average diameter of about 17 pm

were chosen as both the

the GF is composed of graphite fibers with an
and possesses a
typical 3D structure. Some properties of the as-re-
ceived GF were summarized in Table 1.

Vanadyl sulfate was purchased from Shanghai
Fine Chemicals Factory. 1.5 mol/L VOSO, in 3 mol/
L H,SO, solution i.e. V IV
pared using blue VOSO,salt analytical grade H,SO,

electrolyte was pre-

and deioned water. V TII electrolyte was prepared

by the electrochemical reduction of the above V IV
solution '

Tab. 1

Properties of the as-received graphite felt used

in this study

Bulk ) i Carbon
. Porosity Electrical
density ) content
N / %  resistance /{)- cm
/ g cm” / %

0.15 91.3 0.04 90 ~95

Fig. 1 SEM image of the as-received graphite felt 250 x

2.2 Experimental Setup and Charge-
discharge Tests

The flow cell constructed for this study is the
same as that used in Ref. 17 . The experimental
setup as shown in Fig. 2 is a modified version of
that in literature 17 . The experimental apparatus

cell 8 and 9 both

with an effective electrode area of 20 mm x 25 mm.

was composed of two flow cells

The only difference between these two cells lies in the
separator used namely Nafion® 117 for cell 8 and
1.8 mm thick PVC plate for cell 9. During the exper-
and catho-

iments the anolyte negative electrolyte

lyte positive electrolyte were pumped first through

cell 9

their own reservoir. Four digital volimeters were used

then via cell 8 and finally flowed back into

to measure the electrode potentials between cell elec-
trodes and saturated calomel reference electrodes

SCE  during test. In order to record the 4 potentials
QuickCam® Pro

was employed. The open circuit

at the same time a video camera

4000 Logitech

positive and negative electrode potentials were deter-
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mined at cell 9. An Arbin battery test instrument
BT2000 Arbin Instrument Corp. USA was used
to charge and discharge the cell 8.

Fig.2  Schematic diagram of the experimental setup for flow
battery research
1 pump 2 anolyte tank 3 saturated KCl solu-
tion 4 SCE 5 saturated KCl salt bridge 6

digital voltmeter 7 Arbin instrument 8 9 flow

cell 10 catholyte tank

At the beginning of charge/discharge cycles 30
mL 1.5 mol/L'V Il in 3 mol/L H,SO, solution and
30 mL 1.5 mol/L 'V IV in 3 mol/L H,SO, solution
were used as the anolyte and catholyte respectively.
The electrolytes were kept at 26 0.5 °C by using a
thermostated water bath. The flow rates of the two e-
lectrolytes were both about 30 mL/min. The C-D ex-
periment was controlled automatically by Arbin be-
1.7V

limits and proceeded at a constant current density of

tween set upper and lower 0.9 V  voltage

1.8
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reactions on electrodes would be

respectively. The C-D

.. charge
Positive electrode VO’ + H,0 ——
discharge
VO," + 2H" +e 1
. charge
Negative electrode V' + e =——— V**© 2

\_discharge
The electrical balance was achieved mainly by
the transport of H" in the electrolytes across the mem-

brane during operation of the cell.

3 Results and Discussion

Typical charge-discharge curves for the VRB sin-
gle cell at the current density of 60 and 80 mA -
em > are depicted in Fig. 3. The cell positive and
negative electrode potentials vs. SCE  during charge
and discharge are also illustrated. Apart from the
difference in charge and discharge time as shown in
Fig.3

current densities are almost the same. It can also be

the trends of the curves obtained at different

seen from Fig. 3 that the cell voltage changes smoothly

with time except for the end period of charge and
discharge. An apparent turning point occurs at the
cell discharge curve of about 1.1 V then the dis-
charge voltage drops swiftly and soon reaches the end
potential of 0.9 V. It is clear from Fig.3 that the
diving of the cell voltage can mainly be attributed to

the zoom of the negative potential at the end of dis-

charge.
1.8
Y
% (].9.Mm
s 06 1.=1,=80 mA - com™
';o- .3 = Cell‘ \fo]lagc . .
« Positive potenlial vs. SCE, ¢,
0.0 ; ) v
o Negative polential vs. SCE, ¢,
03 ¥
-0.61 S .
1] i 2 3 4 5

t/h

Fig.3  Charge-discharge curves for VRB single flow cell employing graphite felt as electrode materials
anolyte 30 mL 1.5 mol/L V III in 3 mol/L H,S0, aq. solution catholyte 30 mL 1.5 mol/L V IV

in 3 mol/L H,SO, aq. solution flow rate of both electrolytes 30 ml/ min temperature 26 °C cell

voltage upper limit =1.7 V lower limit =0.9 V geometric electrode area =5 em®  Nafion® 117 mem-

brane



The total cell voltage for charging and dischar-

ging is given respectively by

Vo=@, - @ _+ iR = @, +A¢,
- @_octAp_ +iR 3
and
Vb=¢., - ¢@_. - iR = ¢, +Ap,

- @_octAp. - IR 4

Where ¢, and ¢ _ are the positive and negative elec-
trode potential during charging or discharging re-
spectively ¢, oc and ¢ . the open circuit poten-
tials at positive and negative electrodes Ag, and
A the overpotentials at the positive and negative
electrodes Ap = ¢ — ¢, 1 the charge or dis-
charge current and R the ohmic internal resistance
of cell.

The sharp rise of ¢ _ see Fig.3 at the end of
the discharge caused evidently a rapid fall of the V),
according to Eq. 4. The zoom of ¢ _ at the end of dis-
charge was mainly caused by the dramatic increase of
the negative electrode overpotential Ap = as shown in
Fig. 4. This zoom of ¢ _ could be attributed to severe
concentration polarization due to the insufficiency of
V>* in the anolyte at the end of the discharge. In this
study a piece of Nafion® 117 membrane was used as
the separator. The V** and V’* ions in the anolyte
could permeate through Nafion® 117 membrane more
easily than the VO*" and VO, " in the catholyte "
resulting in the imbalance of the amount of V** and
VO, " hence the relatively high concentration polari-
zation of the negative electrode reaction at the end of
discharge process can be expected.

Based on the data of Fig. 3 the iR drop of the
cell during charge and discharge processes can be cal-

and 4

internal resistance R was obtained

culated by Egs. 3 so that the cell ohmic
as illustrated in
Fig. 5. It is clear from Fig. 5 the ohmic internal re-
sistance for the discharge process is a little higher
than that for the charge.

The average values of cell voltage overpotentials
of positive and negative electrodes and internal re-
sistance R of the cell during C-D processes are cal-
culated by integration method from Figs. 3 4 and 5

respectively and summarized in Table 2. As can be
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Fig.4  Variation of the overpotentials of negative and
positive electrodes during charge-discharge cy-
cle at current density of 60 mA- cm ™

other experimental conditions as in Fig. 3

legend notes C means charge D discharge
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Fig.5 Variation of ohmic internal resistance of the VRB

single cell during charge-discharge cycle at current
-2

density of 60 mA: cm

other experimental conditions as in Fig. 3

seen from Table 2 the average ohmic internal resist-
ance for charge process is a little lower than that for
discharge. This could mainly be attributed to 1

effect of the direction of electric field EF generated
by cell voltage on the transport rate of charge-carrying
H* in the electrolyte through cell separator and
hence on the ohmic internal resistance of the flow cell
during charge/discharge cycle. For charging process

the direction of EF is the same as that of movement of
H* whereas the directions of EF and the transport
2 effect

of variation of the H™ concentration in the electrolyte

of H™ are just opposite during discharging.
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Tab.2 The average values of iR overpotentials at the positive electrode and negative electrode cell voltage and ohmic internal

resistance of the VRB single cell during charge-discharge cycles at different current densities. Experimental conditions as in Fig. 3

Current Positive Negative Ohmic internal
density iR/ mV overpotential/ mV overpotential/ mV Cell voltage/V resistance/Q: cm’
/ mA- em-2 charge discharge charge discharge charge discharge charge discharge charge discharge
40 37.95 38.11 4.94 -4.99 -7.50 9.63 1.46 1.36 0.95 0.95
60 55.65 61.03 6.18 -6.29 -13.08 16.13 1.49 1.33 0.93 1.02
80 77.75 83.18 6.70 -6.93 -19.20 22.53 1.51 1.30 0.97 1.04
100 97.15 104. 10 7.52 -7.84 -25.54 29.32 1.53 1.26 0.97 1.04

on the cell ohmic resistance during charge/discharge
cycle. The H™ concentration increases during the
charge and decreases during the discharge of the flow
cell by Eq. 1 . Increasing the concentration of
H™ in the solution will decrease the resistance of ion
exchange membrane "' and the electrolyte ¥ ac-
cordingly the ohmic internal resistance of the cell
will change during charge/discharge cycle.

The average positive overpotentials for both of
the charge and discharge processes are less than the
negative ones as shown in Table 2 indicating the
graphite felt electrode has higher electrocatalytic ac-
tivity for the positive redox couple of VRB single cell.
In other words the electrode reaction kinetics for

V02+/V02+ is somewhat faster than that for V**/

V** on a graphite electrode which is consistent with
the results obtained on carbon-based electrodes * "
Fig. 6 compares the absolute average values of
the iR as well as the positive and negative electrode
overpotentials data from Table 2 of a charge/dis-
charge cycle at the current density of 60 mA cm .
As shown in Fig. 6 relatively high iR drop dominates
the overall voltage losses by contrast the subtotal of
the overpotentials at negative and positive electrodes
only contribute ca. 26% to the total voltage losses
during the C-D cycle. This result implies that to re-
alize performance of higher VE of the VRB single
cell we should strive to reduce the resistive losses in
the electrolytes membrane and electrodes of the cell.
Of course enhancing of the electrocatalytic activity of
the electrode materials for the VRB redox couples can

also be favorable for the improvement of VE of the

cell. However the effect can be anticipated to be rel-

atively minor.

1:=1,=60 mA + com™ ©=3.9%
’
b-38.54% L 4-391%

e~R.26%

wf—m.w%

a-35.14%

Fig.6  Comparison of the absolute average values of iR
positive and negative electrode overpotentials during
a charge-discharge cycle at current density of 60
mA- cm”’
a IR-C b iR-D ¢ Pos-overp-C d Pos-overp-
D e Neg-overp-C f Neg-overp-D
Experimental conditions as in Fig. 3 legend notes

as in Fig. 4

Fig.7 shows the variation of the cell efficiencies
and power density with the current density for the
VRB single cell used in this study. The power density
in Fig. 7 is the product of the discharge current densi-
ty and the corresponding discharge cell voltage listed
in Table 2. Increasing the current density is seen to
decrease the cell VE as expected due to increased iR
drop and polarization losses of negative and positive e-
lectrodes as shown in Table 2. At higher current
densities the CE increases however because of the
lower self-discharge across the membrane in the shor-
ter cycle time see Fig.3 . The VE EE and power
density of the cell at a constant C-D current density of
60 mA - cm ™’ were about 89.3% 84. 8% and
79.8 mWem ~* respectively as presented in Fig. 7
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and these results were much better than that obtained
by Sun '° . With an obtained VE of 89.3% the total
lost efficiency caused by overpotentials and iR drop
can be calculated to be 10.7% . Based on the results
listed in Fig. 6

caused by the total overpotentials at the negative and

we know that the lost efficiency

positive electrode during charge and discharge proces-
ses is only 2. 8% and the rest 7.9% can be ascribed
to the iR drop. Such low loss in VE indicates that the
graphite felt is the suitable electrode material with
high electrochemical activity for VRB and the struc-

ture of the cell used in this work is reasonable.
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Fig.7 Effect of current density on the efficiencies and
power density of VRB single cell

experimental conditions as in Fig. 3

4 Conclusions

1 The rapid increase of negative electrode po-
tential caused by severe concentration polarization
due to the exhausting of V** in the anolyte at the end
of discharge is the main factor which resulted in the
lower limit of the cell discharge voltage for VRB sin-
gle cell.

2 The relatively high iR drop governed the volt-
age efficiency and hence the overall energy efficiency
of the VRB single cell. By contrast the positive and
negative electrode overpotentials contributed to a less
extent to the total overvoltage during the charge-dis-
charge cycle.

3 The internal ohmic resistance of VRB single
cell for the charge process is a little lower than that
for the discharge which could be attributed to the
effect of the direction of electric field generated by

cell voltage on the charge-carrying H™ transport rate

across the cell separator and the effect of variation of
the H™ concentration on the flow cell resistance dur-
ing charge-discharge cycle.

4 Graphite felt possess sufficient electrocatalytic
activity to the negative and positive redox reactions of

VRB and is a kind of suitable electrode material.
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