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Abstract Three electrode materials (glassy carbon, gold,

and platinum) were investigated for application in a

non-aqueous single-metal redox flow battery based on

vanadium (III) acetylacetonate, supported by tetraethy-

lammonium tetrafluoroborate in acetonitrile. Redox cou-

ples associated with the one-electron disproportionation of

V(acac)3 were observed in voltammetry for each metal

tested. An elementary kinetic model was created and used

to determine rates for oxidation or reduction of the vana-

dium complex. The oxidation rates for V(acac)3 were

mass-transfer limited on all electrode materials, suggesting

reversible kinetics. For the V(acac)3 reduction reaction,

exchange-current densities of 1.3, 3.8, and 8.4 A m-2 were

observed on glassy carbon, platinum, and gold electrodes,

respectively.

Keywords Vanadium acetylacetonate � Single-metal

redox flow battery � Non-aqueous electrolyte � Electrode �
Organic electrochemistry � Energy-storage

1 Introduction

High-capacity, scalable storage technologies are needed to

facilitate the integration into the grid of stochastic energy-

delivery systems such as solar collectors and wind turbines.

Redox flow batteries (RFBs) are promising energy-storage

devices, which are currently being used commercially for

peak shaving and load leveling worldwide [1, 2]. The two

most common commercial RFBs employ zinc–bromine [3]

and all-vanadium [4, 5] chemistries, although many other

active-metal combinations have been researched, including

iron–chromium [6] and bromine–polysulfide [7]. The all-

vanadium RFB mitigates irreversible capacity fade asso-

ciated with electrolyte mixing by using the same active

metal in both electrolyte solutions. Commercial RFBs use

aqueous electrolytes, which restrict cell potentials within

the stability window of water (1.23 V under standard

conditions). Since energy density scales linearly with cell

potential, non-aqueous solvents—with potential windows

as high as 5 V [8] —may be useful for RFBs. Furthermore,

water can only be used over a nominal temperature range

of 0–100 �C. Changing the solvent could enable the use of

RFBs in extreme climates. For example, acetonitrile is a

liquid at temperatures between -45 and 82 �C and is

suitable for colder climates, while dimethylformamide is a

liquid between -61 and 153 �C.

There are several reports of non-aqueous RFBs using

ruthenium, uranium, chromium, manganese, and vanadium

chemistries [9–15]. Matsuda et al. and Chakrabarti et al.

employed ruthenium bipyridine and acetylacetonate com-

plexes in non-aqueous RFBs and observed cell potentials of

2.6 V [9, 10] and 1.6–1.77 V [11], respectively. Uranium

beta-diketonates were examined in a single-metal non-

aqueous RFB, with measured cell potentials of 1.0–1.2 V

depending on the particular ligand chosen [12]. Chromium

and manganese acetylacetonate were found to yield cell

potentials of 3.4 [13] and 1.1 V [14], respectively. Some of

the authors recently observed a cell potential of 2.2 V for

the single-electron disproportionation of V(acac)3 [15].
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The electrochemistry of vanadium acetylacetonate was

examined by Nawi and Kitamura [16, 17], who used cyclic

voltammetry to observe equilibrium potentials for various

half-reactions. They determined that vanadium acetylace-

tonate reduction occurs by a one-step reversible mono-

electronic reaction. The reactions associated with the

disproportionation of V(acac)3 are:

½V(acac)3�þ þ e� $ ½V(acac)3�0 ð1Þ

½V(acac)3�0 þ e� $ ½V(acac)3�� ð2Þ

If crossover of the V(IV) (positively charged [V(acac)3]?)

or V(II) (negatively charged [V(acac)3]-) ionic complexes

occurs, charge-efficiency losses are incurred because the

disproportionation reaction reverses in the liquid phase, but

no regeneration of the electrolyte solutions is required. Both

oxidation and reduction of the V(acac)3 complex have been

shown to be coulombically reversible, with anodic-to-

cathodic peak height ratios near unity during cyclic

voltammetry [16].

Ideally, the electrode in a RFB should be inert and

participate in the reactions as a reversible source or sink for

electrons [18], but such behavior is not always observed in

practice. Rychcik et al. investigated the aqueous all-vana-

dium RFB electrochemistry with glassy-carbon, gold, lead,

and iridium-oxide-on-titanium electrodes [18]. They

observed that the electrode material significantly affected

the oxidation kinetics and stability; lead was even shown to

inhibit the desired reaction. Hodes et al. examined the

effects of electrode material on the polysulfide redox half-

reaction, which could be used in a bromine-polysulfide

RFB [19]. Polarization curves for carbon, platinum black,

brass, and various transition-metal sulfides (RuS, PbS, and

CoS) revealed that the reaction rates for the polysulfide

redox half-reaction were dependent on the type of elec-

trode. Hollax et al. [20] and Lopez-Atalaya et al. [21]

studied kinetics of an aqueous iron/chromium RFB. Lopez-

Atalaya et al. examined gold-on-graphite electrodes and

observed a change in peak shape upon the addition of gold

particles to the graphite surface.

Linear-sweep voltammetry (LSV) at microelectrodes

can be used to quantify the effect of electrode material in

terms of reaction rate constants and liquid-phase transport

properties associated with interfacial electrochemical pro-

cesses. Aoki et al. developed a model to determine the

current from a linear-sweep voltammogram based on a

single, diffusion-limited elementary half-reaction and

compared it to experimental results [22]. A model was

created by Baur et al. to measure diffusion coefficients for

several systems (aqueous ferrocyanide, aqueous ruthenium

hexamine, and non-aqueous ferrocene) which matched

literature values with less than 5% error [23]. Mirkin et al.

created tables to relate the half- and quartile-wave

potentials from LSV to kinetic and mass-transfer parame-

ters [24]. All of this previous literature examines single

half-reactions, and is consequently not immediately appli-

cable to the non-aqueous vanadium flow battery system. At

equilibrium, the non-aqueous vanadium electrolyte con-

tains small concentrations of V(acac)3
- and V(acac)3

?

associated with the dissociation of V(acac)3 in bulk solu-

tion. The presence of all three oxidation states of the

complex results in a mixed current at each electrode during

charge and discharge. For example, if the potential at an

electrode is large and positive, then oxidation of V(acac)3

via reaction 1 will dominate, but V(acac)3
-, which is

present in trace amounts in the bulk, will still oxidize to a

minor extent via reaction 2. This coupled behavior makes

it difficult to apply previous models to the non-aqueous

vanadium chemistry.

It is common for coordination complexes to undergo

successive one-electron transfers, where sequentially

greater or lesser energies are associated with each electron

exchanged [25]; several researchers have modeled these

systems. Asselt et al. used chronoamperometry and steady-

state voltammetry to measure the diffusion coefficients for

several palladium complexes at a gold electrode and

observed reversible electron-transfer reactions [26]. Norton

et al. used the pseudo-steady cyclic voltammetry, along

with a known expression for the equilibrium constant, to

determine the reaction rate for comproportionation of

methyl viologen in acetonitrile [27]. Both of these previous

investigations treat the successive reactions separately. The

electron-transfer mechanism, including the effects of neu-

tral-species concentration changes, will be discussed for

the non-aqueous vanadium chemistry.

This article reports a study of the effect of electrode type

on the oxidation and reduction rates of vanadium acetyl-

acetonate in a tetraethylammonium tetrafluoroborate and

acetonitrile electrolyte. Three electrode materials (glassy

carbon, gold, and platinum) were evaluated using cyclic and

linear-sweep voltammetry to determine the coulombic

reversibility, kinetic reversibility, and exchange-current

density for V(acac)3 oxidation and reduction on each mate-

rial. All three oxidation states of the vanadium complex are

found to be involved in the observed LSV response, leading

to mixed currents that complicate data analysis. A model is

proposed to account for the simultaneous transport and

reaction of the V(II), V(III), and V(IV) active species.

2 Experimental

2.1 Electrolytes

Electrolyte solutions were prepared by dissolving vana-

dium (III) acetylacetonate, V(acac)3, (97%, Aldrich, US)
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and tetrathylammonium (TEA) tetrafluoroborate (99%,

Aldrich, US) in anhydrous acetonitrile (99.8%, Aldrich,

US). Solutions were prepared and experiments performed

in an argon-filled dry box to remove environmental oxygen

and water.

2.2 Microelectrodes

Planar disks of glassy carbon, gold, and platinum were

used as working electrodes for the voltammetric experi-

ments. The glassy-carbon microelectrode consisted of a

1 mm glassy-carbon rod embedded in PEEK (ALS, Japan).

Gold and platinum microelectrodes were produced by

flame-sealing a 100 lm diameter gold or platinum wire

(99.998%, Alfa Aesar, US) into soda-lime glass, followed

by polishing to expose a disk of the material. All electrodes

were polished sequentially with 15, 6, and 0.1 lm silicon

carbide paper prior to each experiment.

2.3 Cyclic and linear-sweep voltammetry

Cyclic voltammetry (CV) and LSV were performed using

an Autolab PGSTAT302N Potentiostat/Galvanostat (Ec-

ochemie, Netherlands) in a standard three-compartment

glass cell. A 5 cm2 graphite plate (Graphite Store, US) was

used as the counter electrode. An Ag/Ag? (Basi, US) ref-

erence electrode was used, containing acetonitrile-solvated

0.01 M silver nitrate (Basi, US, 99%) and 0.1 M tetrae-

thylammonium perchlorate (Alfa Aesar, US, 98%). A

bridging reference solution of 0.05 M tetraethylammonium

nitrate (Fluka, US, 98%) was used to establish a thermo-

dynamically meaningful working-electrode potential.

Every experiment was performed at the same dimen-

sionless scan rate, x
:
, to ensure that electrodes of different

sizes were examined under similar conditions. The dimen-

sionless scan rate, x
:
, is defined as [28]

x
: ¼ m

:
nFr2

RTD
ð3Þ

where v
:

is the scan rate in V s-1, n is the number of

electrons transferred (n = 1 in all reactions discussed

here), F is Faraday’s constant (96485 C mol-1), r is the

radius of the disk microelectrode, R is the gas constant

(8.314 J mol-1 K-1), T is the absolute temperature

(296 K), and D is the diffusion coefficient of the neutral

active species through the support solution. The tempera-

ture and diffusion coefficient were considered constant

when determining the dimensionless scan rate. The diffu-

sion coefficient used was 3.93 9 10-6 cm s-1, the deter-

mination of which is described later in this report. Results

were measured after the voltammogram stabilized, typi-

cally after 20 cycles. Peak potentials and currents were

measured using the Autolab software package, GPES.

3 Experimental results

Figure 1 shows cyclic voltammograms of a 0.01 M

V(acac)3 and 0.05 M TEABF4 solution in CH3CN, with

three different working-electrode materials. A low active-

species concentration was used to approach ideal solution

behavior and does not reflect the maximum solubility of

vanadium acetylacetonate in the system. The maximum

solubility of vanadium acetylacetonate in acetonitrile has

been reported to be 0.59 ± 0.02 M at room temperature

[29]. The scan rate was selected to be as slow as possible

while retaining definitive redox peaks, x
:

= 500. To nor-

malize the peak currents with respect to mass-transfer

limitations, current densities are multiplied by the electrode

radii on the ordinate axis. Isolated peak pairs centered

around -1.77 and 0.45 V versus Ag/Ag? were observed

for all electrode materials. These peak locations are con-

sistent with V(acac)3 oxidation and reduction equilibria, as

expressed by Eqs. 1 and 2 [16]. It is important to note that

the peak at ?0.75 V versus Ag/Ag? which was reported

previously [15] is not observed because most of the van-

adyl acetylacetonate has been removed from the solution

precursor [29].

Information about the coulombic and kinetic reversibility

can be gained by examining CV results as a function of scan

rate, shown in Fig. 2. The coulombic reversibility of a redox

couple can be determined from its CV by comparing the

anodic and cathodic peak heights at several scan rates [28].

Scan rates for Au and Pt were calculated, according to Eq. 3,

by multiplying the glassy-carbon scan rate by 100 to account

Fig. 1 Cyclic voltammograms (x
:
=500) for glassy carbon, gold, and

platinum microelectrodes in 0.01 M V(III)(acac)3, 0.05 M TEABF4

in CH3CN; measurements performed at 23 �C
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for the ten-fold decrease in electrode radius. The peak-height

ratios for V(acac)3 reduction, Eq. 2, are 1.00 ± 0.05,

1.03 ± 0.05, and 0.99 ± 0.05 on glassy carbon, gold, and

platinum, respectively—each unity within experimental

error. The peak-height ratios for V(acac)3 oxidation, half-

reaction 1, are 0.98 ± 0.05, 1.05 ± 0.05, and 0.98 ± 0.05

on glassy carbon, gold, and platinum, respectively—again

unity within experimental error. Thus, redox reactions were

coulombically reversible on all electrodes.

Kinetic reversibility—the relative rates of the anodic

and cathodic steps of a given half-reaction—can be eval-

uated qualitatively using CV by examining the peak sep-

aration as a function of scan rate. If the peak separation is

constant with respect to scan rate then the system is

kinetically reversible (fast) [30]. This indicates that the

exchange-current density of the half-reaction is very high,

so the overpotential is low and the reaction potential,

approximately Nernstian. A range of dimensionless scan

rates, x
:
, ranging from 500 to 1,490 were used to determine

the peak separation change. The observed change in peak

separation over this range of scan rates on glassy carbon,

gold and platinum was approximately 20 mV for the

V(acac)3/V(acac)3
? redox couple (Fig. 2). This small

change in peak separation suggests the redox couple is

kinetically fast. Peak-separation changes of 20, 70, and

30 mV were observed for the V(acac)3/V(acac)3
- redox

couple on glassy carbon, platinum, and gold respectively.

Glassy carbon has the lowest change in peak separation,

however, this observation potentially owes to the larger

electrode area used. The small change in peak separation

makes it difficult to determine the exchange current using

CV methods, justifying the use of LSV, which accounts for

the actual reaction mechanism, to better quantify rates.

4 Mechanistically-based kinetic model

Figures 3 and 4 show LSV results for the V(acac)3/

V(acac)3
? and V(acac)3

-/V(acac)3 redox couples, respec-

tively, on each of the three electrode materials. All currents

are normalized by the limiting current of the V(acac)3/

V(acac)3
? redox couple to eliminate electrode-size effects

when comparing different disk electrodes. For Figs. 3 and

4, graphs (A)–(C) show data fitted by the model derived

below for glassy carbon, gold, and platinum. At least three

sets of data are displayed on each plot to illustrate the error

associated with the experimental procedure. Graph (D)

shows one data set from each electrode material to facili-

tate comparison among them. A scan rate of 0.3 mV s-1

was shown to be suitably slow to achieve pseudo-steady

mass transfer for all the electrode sizes. An identical

dimensionless scan rate (cf. Eq. 3) was not used in LSV for

the largest electrode because bulk concentration changes

due to the overall extent of reaction and evaporation of the

solvent were found to be significant on that long time scale.

An ideal reversible linear-sweep voltammogram for an

elementary half-reaction has a sigmoidal shape centered

about zero current at the equilibrium potential [28]. Its

anodic and cathodic limiting currents have opposite signs

and are proportional to the bulk concentration of oxidized

or reduced species, respectively. As the exchange-current

density decreases, the sigmoid broadens. In the case where

one species concentration is small and kinetics is slow, the

linear-sweep voltammogram half-wave potential will be

significantly shifted from the equilibrium potential and one

of the limiting currents will be very small. The linear-

sweep voltammograms in Fig. 3 have half-wave potentials

close to the equilibrium potential, suggesting that the

reaction rate is fast, but the current has the same sign across

the entire wave. In order to rationalize this observation, it is

important to note that the electrolyte contains V(acac)3
-,

V(acac)3, and V(acac)3
? in proportions corresponding to the

Fig. 2 Cyclic voltammograms (x
:
=500–1490) for a gold, b platinum,

and c glassy carbon microelectrodes in 0.01 M V(III)(acac)3, 0.05 M

TEABF4 in CH3CN; measurements performed at 23 �C
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vanadium (III) acetylacetonate disproportionation equilib-

rium constant. Since all three species exist in solution, a

mixed current is seen from both the oxidation and reduc-

tion half-steps of the disproportionation. Thus, when LSV

is performed in the potential domain associated with

V(acac)3 oxidation, the observed currents stem from the

oxidation of both V(acac)3 and V(acac)3
-; when LSV is

performed in the V(acac)3 reduction domain, the current

reflects reduction of both V(acac)3 and V(acac)3
?.

A second complicating factor is that both reactions 1

and 2 involve V(acac)3; consequently, the currents asso-

ciated with the two reactions, which both depend on the

V(acac)3 concentration, cannot be decoupled [28]. There-

fore, a model was created to account for the mixed current

generated by two redox reactions.

Both the V(acac)3/V(acac)3
? and V(acac)3

-/V(acac)3

redox couples are assumed to be elementary. Thus the

current density in induced by an experimentally controlled

potential V can be described in terms of Butler–Volmer

kinetic expressions associated with the two simultaneous

redox reactions,

in ¼ i�0þ
c0

c�0
e 1�bþð Þf ðV�E�þÞ � cþ

c�þ
e�bþf ðV�E�þÞ

� �

þ i�0�
c�
c��

e 1�b�ð Þf ðV�E��Þ � c0

c�0
e�b�f ðV�E��Þ

� �
ð4Þ

Here ck is the concentration of active species in state k at

the electrode surface and ck
*, its bulk concentration; subscripts

?, -, and 0 denote properties of the vanadium active

complex in its positive (V(IV), [V(acac)3]?), negative (V(II),

[V(acac)3]-), and neutral (V(III), [V(acac)3]0) states,

respectively. In the rate expression i�0k represents the

exchange-current density of the half-reaction that converts

neutral vanadium to charged species k, bk is the associated

symmetry factor, f equals F=RT , and E�k is the equilibrium

potential for the half-reaction involving species k measured

from CV.

For LSV experiments performed at sufficiently low

dimensionless scan rates (x
:
\ 1 [28]), the concentration

distributions of the various redox states of V(acac)3 can be

assumed to be in quasi-steady states within the diffusion

layer. Under these circumstances the concentrations of

V(acac)3
- and V(acac)3

? (c- and c?) can be substituted in

Fig. 3 Linear-sweep voltammograms of the V(III)/V(IV) redox

couple at a glassy carbon, b gold, c platinum, and d all microelec-

trodes in 0.01 M V(III)(acac)3 and 0.05 M TEABF4 in CH3CN. Scan

rate 0.3 mV s-1 (x
:
=7.4) on glassy carbon and 1 mV s-1 (x

:
=0.25) on

gold and platinum; measurements performed at 23 �C; arrow

indicates direction of change in potential

Fig. 4 Linear-sweep voltammograms of the V(II)/V(III) redox

couple at a glassy carbon b gold c platinum, and d all microelectrodes

in 0.01 M V(III)(acac)3 and 0.05 M TEABF4 in CH3CN. Scan rate

0.3 mV s-1 (x
:
=7.4) on glassy carbon and 1 mV s-1 (x

:
=0.25) on

gold and platinum; measurements performed at 23 �C; arrow

indicates direction of change in potential
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favor of their known bulk concentration using the relation

for steady-state flux at a disk electrode [31],

Nk ¼ 4Dk c�k � ck

� �
r ð5Þ

a material balance at the electrode surface,

Nþ þ N� þ N0 ¼ 0 ð6Þ

and Faraday’s law:

in ¼ FðNþ � N�Þ ð7Þ

where Nk is the molar flux of species k and Dk is the dif-

fusion coefficient of k through the supporting solution.

First Eqs. 4–7 will be used to describe the V(acac)3/

V(acac)3
? redox couple (oxidation of the active complex). Since

the equilibrium potentials are very far apart (2.2 V), it is

assumed that the current component associated with the

V(acac)3/V(acac)3
- reaction is constant and at the reaction’s

limiting current. The resulting equation can be simplified by

assuming the potential is far away from that of the V(acac)3/

V(acac)3
- reaction, implying f ðV � E��Þ � 1 and c�=c�� ¼ 0.

The resulting equation relates the observed current to both

dimensionless permeabilities and the exchange-current density

of the positive reaction.

in

iL

¼
i�0þ /þ 1þ 2/�ð Þe 1�bþð Þf V�E�þð Þ þ ð/� �/þÞe�bþf ðV�E�þÞ
h i

/þiLþ i�0þ /þe 1�bþð Þf V�E�þð Þ þ e�bþf ðV�E�þÞ
h i

ð8Þ

where

/þ ¼
Dþc�þ
D0c�0

and /� ¼
D�c��
D0c�0

ð9Þ

also

iL ¼ 4nFD0c�0r ð10Þ

The anodic and cathodic limiting currents for reaction 1

can be identified from Eq. 8 by examining the expression

in the limits V � E� ! 1 and V � E� ! �1 to yield

iþL;a
iL

¼ lim
V�E�þ!1

in

iL
¼ 1þ 2/�ð Þ and

iþL;c
iL

¼ lim
V�E�þ!�1

in
iL
¼ /þ þ /�

1þ 2/�

ð11Þ

During LSV the anodic limiting current is reached when

voltages are far positive of the equilibrium potential for

V(acac)3 oxidation.

The dimensionless permeabilities of the oxidized and

reduced active species through the liquid phase, /þ and

/�, are defined by Eq. 9. Qualitatively they can be thought

of as mobilities of charged active species relative to the

neutral active-species mobility. To determine the values of

/þ and /�, Eq. 8 can be examined in the limit that the

exchange current density i�0þ is very large compared to iL,

yielding a mass-transfer limited expression:

in

iL

¼
/� � /þ
� �

þ /þ 1þ 2/�ð Þef V�E�þð Þ

1þ /þef V�E�þð Þ ð12Þ

In terms of the chemistry being studied here, this assumption

implies that there is a minimal kinetic overpotential associated

with neutral-vanadium oxidation. This approximation is

consistent with the CV experiments discussed earlier, which

showed near constant peak separation with respect to scan rate

for the V(acac)3/V(acac)3
? redox couple in CV on all three

electrodes (Fig. 2). This observation can be rationalized by

Marcus theory, which associates low kinetic overpotentials

(high electron transfer rates) with correspondingly low

reorganization energy of the reactants and products as well as

the electronic structure of the electrode materials [32, 33]. The

data for all electrode materials were fit well by this mass-

transfer-limited model and were indistinguishable when

overlaid. Therefore, V(acac)3 oxidation likely occurs by a

mass-transfer-limited elementary electron transfer mechanism

on all the electrode materials studied here.

The dimensionless permeabilities in Eq. 9 can be defined

in terms of experimental values, which are easily extracted

from the data by adding a single measurement of the current

density at the equilibrium potential of the V(acac)3/V(acac)3
?

redox half-reaction, inðE�þÞ, to eliminate iL. The relations

/þ ¼
in E�þ
� �

� iþL;c
iþL;a� in E�þð Þ and /� ¼

in E�þ
� �

ðiþL;a� iþL;cÞ
½iþL;a� in E�þð Þ�ðiþL;a� 2iþL;cÞ

ð13Þ

were determined by evaluating Eq. 12 at the equilibrium

potential and in the limit of large negative voltages. Here

iL
?

,c is the cathodic limiting current of the neutral-vanadium

reduction half-reaction (the limiting current reached at very

negative voltages); and iL
?

,a is the anodic limiting current of

the neutral-vanadium reduction half-reaction.

Dimensionless permeabilities, /þ and /�, were deter-

mined by applying the mass-transfer-limited rate expres-

sion for oxidative LSV sweeps, and found to be

1.25 ± 0.11 and 1.27 ± 0.12, respectively. The accuracy

of the permeabilities was checked by predicting the limit-

ing current of V(acac)3 reduction based on the permeabil-

ities determined using results from the V(acac)3 oxidation.

The reduction limiting currents were predicted within

7%—less than the inherent measurement error in the per-

meabilities. The dimensionless permeabilities are expected

to be identical across systems with different electrode

materials, since they are solution characteristics. However,

it is surprising that both /þ and /�are of order 1 because

the neutral and charged vanadium complexes are expected

to have very different concentrations. Deviations from this

1196 J Appl Electrochem (2011) 41:1191–1199
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expected characteristic may owe to large differences in the

diffusion coefficients or activities of the charged complex

compared to the neutral species. They may also owe to the

neglect of ionic migration [34].

The dimensionless permeability can be used to evaluate

the active-species diffusion coefficient. The diffusion

coefficient of V(acac)3 in the supporting electrolytic solu-

tion can be derived from Eqs. 5 and 8 evaluated at the

equilibrium potential,

D0 ¼
iþL;a

��� ���
4nFc�0rð1þ 2/�Þ

ð14Þ

The limiting current, iþL;a

��� ���, and permeability, /�, are

determined from the experiments shown in Fig. 3. Error in the

microelectrode radius and solution concentration increases

the uncertainty of the resulting diffusion coefficient. The

diffusion coefficient for V(acac)3 in TEABF4-supported

CH3CN was found to be 3.93 9 10-6 ± 7.2 9

10-7 cm2 s-1, which is approximately 1.5 times the value

found by Liu et al. [15] using the Randles–Sevcik method.

This difference could be caused by a deviation in the

vanadium acetylacetonate concentration from the expected

value due to the neglect of vanadyl acetylacetonate formation

[29] in the report by Liu et al.

A similar strategy to the one detailed above can be used to

describe the neutral-vanadium-complex reduction. When

deriving the expression for the reduction current, the

assumption of very fast kinetics is no longer valid because the

equilibrium potential for the oxidation is close to the onset

potential observed in LSV (Fig. 4) and a visible increase of

peak separation with scan rate is seen in the CV results

(Fig. 2). First, Eqs. 4–7 were used to describe the V(acac)3/

V(acac)3
- redox couple (reduction of the active complex).

Since the equilibrium potentials are very far apart (2.2 V), it

is assumed that the current component associated with the

V(acac)3/V(acac)3
? reaction is constant at its limiting current.

The resulting equation can be simplified by assuming the

potential is far away from that of the V(acac)3/V(acac)3
?

reaction, implying that f ðE�þ � VÞ � 1 and cþ=c�þ ¼ 0. The

resulting equation relates the observed current to both

dimensionless permeabilities (determined from the positive

reaction) and the exchange-current density of the negative

reaction.

in

iL

¼
i�0� ð/��/þÞe 1�b�ð Þf V�E��ð Þ�/� 1þ2/þ

� �
e�b�f ðV�E��Þ

h i

/�iLþi�0� e 1�b�ð Þf V�E��ð Þþ/�e�b�f ðV�E��Þ
h i

ð15Þ

The anodic limiting current of half-reaction 2 can be

related to the parameter iL by examining Eq. 15 in the limit

V�E�!�1 to yield

iL ¼
1

ð1þ 2/�Þ
iþL;a: ð16Þ

The kinetics of the V(acac)3
-/V(acac)3 redox couple is

therefore described by the following equation:

in

iþL;a

��� ��� ¼
i�
0�

iþ
L;aj j
ð/� � /þÞe 1�b�ð Þf V�E��ð Þ � /� 1þ 2/þ

� �
e�b�f ðV�E��Þ

h i

/� þ
i�
0�

iþ
L;aj j

1þ 2/�ð Þ e 1�b�ð Þf V�E��ð Þ þ /�e�b�f ðV�E��Þ
h i

ð17Þ

The current–density parameter iL and mobilities /þ and

/� were determined from the experimental data for the

V(acac)3/V(acac)3
? redox couple (Eq. 13). Using transport

parameters from the V(acac)3/V(acac)3
? redox couple to fit

the V(acac)3
-/V(acac)3 redox couple adds confidence to the

validity of the data-fitting strategy.

Graphs (A)–(C) on Fig. 4 show model fits alongside the

data, which were used to calculate exchange-current den-

sities for V(acac)3 reduction. The model current was fit to

data by using i0-
* /iL

?
,a and b- as fit parameters with a

nonlinear curve fitting program (OriginLab OriginPro 8).

Exchange currents were normalized by the anodic limiting

currents to facilitate convergence during curve fitting. Prior

to performing this analysis, the data were shifted such that

the anodic limiting current matched the model prediction.

This had to be done to subtract out any current associated

with residual dissolved oxygen in the acetonitrile, which is

observed at -1.25 V versus Ag/Ag? [29]. Shifting the

curve is reasonable since neither of these reactants is

involved in the reactions of interest [28]. All the data are fit

well by Eq. 17, consistent with the assumption that the

electron transfers are elementary.

The exchange current for the V(acac)3
-/V(acac)3 redox

couple is expected to be comparable to or smaller than iL
since the kinetics is relatively slow. The best-fit values of

i0
*
-/iL

?
,a were 1.5, 0.09, and 0.22 for glassy carbon, plati-

num, and gold, respectively. These results correlate well

with the relative rates of reaction, estimated by the slope

and onset potential, observed from Fig. 4 graph d as well

as peak separations from Fig. 2. Since the glassy-carbon

electrode has a ten-fold larger radius, the glassy carbon

exchange-current density is smallest. Measured values of

exchange-current densities for the three electrode materials

are shown in Table 1. The V(acac)3
-/V(acac)3 couple

exhibits exchange-current densities of 1.3, 3.8, and

8.4 A m-2 on glassy carbon, platinum, and gold, respec-

tively. All of the exchange-current densities are of the same

order of magnitude, suggesting that this reaction proceeds

through a similar pathway on all of the electrode materials.

The peak-separation measurements in CV suggested that

the exchange-current density would be smallest on plati-

num. However, the peak shape also varies according to the

values of reaction parameters such as symmetry factors
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[24]; the neglect of these may make qualitative conclusions

from CV uncertain. Since the electrode materials all yield

exchange-current densities of the same order, and gold and

platinum cost significantly more than carbon, it would be

more practical to use glassy carbon as the electrode

material. The exchange current of a carbon electrode can

be increased by using high-surface-area carbon.

Despite the differences in active-complex structure and

metal valence states between the non-aqueous and aqueous

vanadium RFB chemistries, values for the half-reaction

exchange-current densities can provide meaningful com-

parisons of the kinetic overpotential losses between the two

systems. In the aqueous system, the largest overpotential

comes from the positive electrode: the V(IV)/V(V) redox

couple has the lowest exchange-current density, which

indicates the slowest reaction kinetics. Zhong and Skyllas-

Kazacos reported that the exchange-current density (based

on geometric surface area) for the V(IV)/V(V) redox

couple at a carbon electrode was 2.47 A m-2 [35]. The

largest kinetic overpotential in the non-aqueous system

comes from the reaction that takes place at the negative

electrode, the V(acac)3
-/V(acac)3 redox couple. On glassy

carbon, this reaction has a slightly lower exchange-current

density than the aqueous V(IV)/V(V) couple; on gold and

platinum, the V(II)/V(III) reaction exchange current den-

sities are higher. Also, the non-aqueous V(acac)3/V(acac)3
?

redox couple is reversible (immeasurably large exchange-

current density)—it is significantly faster than any elec-

trode process in the aqueous all-vanadium flow battery. It is

also worth noting that even the lowest exchange-current

densities reported by Zhong and Skyllas-Kazacos are rel-

atively high in light of the peak separation shown in CV

during the same study [35]. Measured exchange-current

densities in the aqueous system may be artificially large,

owing to differences between the superficial and electro-

chemical surface areas of the electrodes used.

The exchange current is the key parameter that deter-

mines the kinetic overpotential of a RFB. As the exchange

current increases, the RFB kinetic overpotential decreases.

An expression for linear kinetics (in the limit that applied

voltage V is near the equilibrium voltage E-) can be used

to approximate the kinetic overpotential in a RFB assuming

small overpotential [28],

DE ¼ RT

nF

i

i0

ð18Þ

The authors reported a constant-current (1.4 A m-2

charge current) charge/discharge curve in an H-cell

configuration with carbon electrodes and observed charge

voltages of up to 2.9 V (0.7 V of overpotential) [15].

Under those conditions, using Eq. 18, the total kinetic

overpotential is estimated to be 31 mV. Therefore, even

with carbon electrodes, in this case the kinetics was

sufficiently fast that it only contributed *4% of the total

overpotential observed. The main criterion when choosing

an electrode material for the non-aqueous vanadium RFB

system is the electrode stability because the rates are

similar, and high, on several electrode materials.

5 Conclusions

To determine the effect of electrode material on the

electrochemistry of the vanadium acetylacetonate/acet-

onitrile redox-flow-battery system, a mechanistic model

was developed. Cyclic voltammetry showed peak-height

ratios near unity for all redox couples and electrode

materials within experimental error. For oxidation of

V(acac)3, the change in peak separation was approxi-

mately 20 mV on all electrode materials, while the

change in peak separation for the reduction of V(acac)3

was up to 70 mV on platinum. This suggests that the

oxidation of V(acac)3 is quasi-equilibrated, whereas its

reduction exhibits slower rates.

Linear-sweep voltammetry was used to examine the

redox kinetics of V(acac)3 by fitting a two-elementary-step

reaction mechanism to the data. The electrode material

does not affect the V(acac)3/V(acac)3
? redox reaction, for

which the electron transfer is very fast. The V(acac)3
-/

V(acac)3 couple has exchange-current densities of 1.3, 3.8,

and 8.4 A m-2 on glassy carbon, platinum, and gold,

respectively. The exchange-current densities have similar

magnitude, suggesting a similar electron-transfer mecha-

nism on all three electrode materials. The diffusion coef-

ficient of V(acac)3 was determined based on model

parameters and was consistent across all electrode materi-

als, supporting the model’s validity. The improvement in

reaction rates by using gold or platinum is sufficiently

small that it can be overcome by using high-surface-area

carbon electrodes.
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Table 1 Symmetry factor and exchange-current density for the V(II)/

V(III) redox couple at glassy carbon, gold, and platinum electrodes in

0.01 M V(III)(acac)3, 0.05 M TEABF4 in CH3CN; measurements

performed at 23 �C

Electrode material Symmetry factor (b) Exchange-current density

Glassy carbon 0.079 ± 0.007 1.3 A m-2

Platinum 0.278 ± 0.003 3.8 A m-2

Gold 0.567 ± 0.008 8.4 A m-2
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