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Abstract

An investigation has been carried out to attempt to understand the unusualtly low apparent symmetry factor observed during the reduction
of V(3) at higher overpotentials at carbon electrodes {typically <0.13, or >460 mV decade™'). This reaction is of interest because it occurs
in vanadium redox-flow batteries (VRBs) during discharge. Polarisation curves were measured using a rotating disk electrode (RDE). The
reaction was not solution mass transport controlled, was pH independent (ca from 0 to 1), and the observed Tafel slope was unaffected
by V(5) concentration over a range from 0.031 to 280 mM. Electrode double layer capacitance measurements were also carried out in
sulplric acid with and without vanadium. These tests showed that the presence of V(5) caused a suppression of the normal carbon surface
guinone pseudocapacitance, as well as the appearance of two new pseudocapacitance peaks, one around 0.175-0.2 V and the other around
0.675-0.725 V versus SCE. The abserved results do not appear consistent with a precipitated filn causing diffusion limitations or causing IR

drop. A model is developed to try to explain the data, which involves electron transfer through an adsorbed layer of vanadium.

© 2005 Elsevier Lid. All rights reserved,
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1, Introduction

Redox-flow batteries show great promise for economical
storage of electrical energy [1,2]. Redox-flow batteries are
an electrochemical energy storage technotogy where the en-
ergy, rather than being stored at the electrodes like batter-
ies, is stored by chemical changes to species dissolved in
a working fluid. At the positive elecirode a solution with a
more anodic redox couple is circulated, while at the neg-
ative electrode a more cathodic redox couple is used. The
two sides of the cell are typically separated with an ion ex-
change membrane to control mixing of the two solutions (a
diagram of a vanadiwm-based system is shown in Fig. 1).
The system power is determined by the rate of reaction of
the redox species at each electrode and the total surface area
of the electrodes. The concentration of the redox species and

* Corresponding author. Tel.; +1 6139903819; fax: +1 6139912384,
E-mail address: michael gattrelli@nre-cnre.ge.ca (M. Gattrell).

0013-4686/% — see front matter © 2005 Elsevier Ltd. All rights reserved.
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the volume of the reservoirs determine the amount of energy
stored in the system. Because of this, the cost of a system
will increase with the power output of the system based on
the cost of the electrochemical cell, and the cost will increase
with the energy storage capacity of the system based on the
(typically lower) cost of the reservoirs and the working solu-
tions. Thus, redox flow type batteries are particularly suited
for longer-term energy storage. Finally, because the energy
density is typically low (being limited by the solubility of the
redox active compounds), the development of these systems
has focused on stationary applications.

Such stationary storage of electricity can allow better
matching of power generator outputs and fluctuating loads.
Electricity storage can greatly increase the usefulness of non-
continuous renewable power sources such as solar, wind, or
tidal power [3], If electricity storage could be made suffi-
ciently inexpensive, it could also change the way in which
electrical energy is generated, distributed, marketed, and used

[4].
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Fig. 1. A vanadium redox-flow battery (VRB) system.

Various approaches have been considered with significant
efforts focused in the 70s on a system using Fe(II)/Fe(l11)
(Eo=0.771V versus SHE {51) as the positive electrolyte and
Cr(ID)/Cr(1IT) (Ey = —0.407 V versus SHE [5]) as the negative
electrolyte [6,7]. While this was not successful, due to prob-
lems related to the different species crossing the membrane
and poor kinetics, more recent systems are now generating re-
newed interest. One uses polysulfur (8/S%~) (E,=—0476 V
versus SHE [5]) and bromine (Br=/Bri ™) (E,=1.087V ver-
sus SHE [5]) [8] as the two electrolytes (being developed
under the trade name Regenesys). Another uses V(II)/V(II)
(Eo=—0.255V versus SHE [5]) and halides such as bromine
(Br=/Bra7) (E;=1.087V versus SHE [5]), which is char-
acterised by a higher solubility of the reactants and so an
improved energy density [9]. The system of interest in this
work is the so called “all vanadium” flow battery, which
uses vanadium V(IE)/V(IL) (E, = —0.255 V versus SHE) and
V{IVYV(V)(E;=0.991V versus SHE) [10,1,2]. The system
makes use of the selubility of vanadium in four different oxi-
dation states in strong acid conditions, to create a redox-flow
battery using a single active chemical element (as shown in
Fig, 1},

The overall reactions occurring at both electrodes during
discharging of the VRB are typically written as shown below.

Vi e vt e (1)
VOF +e +2H' & vOrt + 10 (2)

The polarisation curves for the two reactions are shown in
Fig. 2. It can be seen that the kinetics of the V(IV) to V(V)
reaction (Eq. (2)) are slower and more complex (see also
[117). It has been found in previous work [12], that by con-

sidering the three elementary steps of reaction (2) {i.e. one
electron transfer and two proton exchanges), a reasonable fit
can be obtained to the polarisation data. This detailed mech-
anism can involve three different possible pathways, and is
shown in Fig. 3. The results of fitting the mechanism to po-
larisation data were consistent with the favoured mechanistic
pathway changing depending on the pH and overpotential.
An example of the fitted data is shown in Fig. 4A, with the
contribution to the total current from each of the pathways
shown in Fig, 4B, This mechanistic model could be used to
fit polarisation curves over a range of pH, concentrations,
and ratios of species. It can be seen, however, that the fit
was not good for large overpotentials of the V(V) reduction
reaction (see below (1.5 V in Fig. 4A). This region also cor-
responds to an unusual Tafel slope of greater than 460 mV
decade™!. Also, even if a low symmetry factor of less than
0.13 was used to fit the data below 0.5 V, the resulting cal-
culated high Tafel polarisation curve would extend into the
region near the reversible potential causing a poor fit in the
0.6-0.75 Vregion, One possibility raised in the previous work
was that this result could be related to the low solubility of a
[VO;-4H;0]° intermediate species (on reaction pathway 3),
which would be predicted to be produced in that potential
region,

Accordingly, it is the purpose of this work to try to under-
stand the reasons for the unusual Tafel slope and, in doing
s0, to develop a more complete understanding of the reaction
mechanism, In terms of practical considerations, this high
overpotential region is of interest at high rates of discharge.
Such high overpotentials would, in particular, be encountered
if high rates of discharge were demanded from a cell with a
low state of charge (i.e. a low concentration of V{V)).
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Fig, 2, Polarisation curves showing the two reactions used in a VRB (graphite clectrode, 1 M Hy804, 0.1 mV 5!, 4000 rpm, 20 C. Left curve 16 mM V(2)yand

36 mM V(3). Right eurve 31 mM V{4) and 19 mM V(5)).

2. Experimental

The rotating disk system, including glassy carbon and
pyrolytic graphite disc electrodes (0.196 cm?), an AFMSRX
electrode rotator, and the RDE cell (modified in house with
a waler jacket) was oblained from Pine Instruments. For
most of the work, a cracked bead, low flow junction SCE
reference (Fisher Scientific Accumet, <5pLh™' flowrate)
was used to minimize possible solution contamination
over long run times. A carbon rod pseudo-reference was
used in parallel, connected via a series 10 wF capagcitor, in
order to decrease the reference electrode impedance and
improve the potentiostat stability [17]. A glassy carbon
plate counter electrode was used during experimental
measurements. A similar, but separate, cell was used when
running the electrodes in 1 M Hp 804, 1o avoid contamina-
tion.

pklE pkl?
H H
& vors HO T2 IO/ 4HO =2
EZ
E

o,

The electrodes were initially hand polished with 600 and
1200 grit paper. Before each experiment they were then pol-
ished with a Buehler Ecomet 3 polisher at 100 rpm using
a Nanocloth with 1, 0.3 and 0,05 pm alumina, foliowed by
a thorough rinsing on the wheel (all using de-ionised wa-
ter). This was followed by 5 min of ultrasound in acetone
and 5min in de-ionised water to remove polishing residues.
It was found, however (as has also been reported by others
[18]) that the activity of an electrode prepared in this manner
drifted with time. It was felt that this was due to the freshly
exposed carbon equilibrating with the electrolyte, Therefore,
different methods were used to accelerate this process to ob-
tain a reproducible surface,

One method involved an additional 5 min of ultrasound in
a40mM V(5) | M H3804 solution. Another involved cycling
the electrode 20 times between —0.,1 and 1.1V versus SCE
in 1 M H2504. Both methods resulted in a slightly oxidised

e
%VO, 4 HO )
FH g T

\\{\

+a
H'\ He

VO™ SHOT IO 4HO T2 VO, 4HO

pH

pk-4 pknﬁ
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Fig. 3. The possible mechanistic pathways for the clectrochemical roactions between V(4) and V(5) at low pH (note, that in streng sulphuric acid media, gome

of the water ligands may be replaced with sulphate or bisulphate [13-16]).
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surface. This could be clearly seen in the second approach
(shown in Fig. 5), where the first cycle showed essentially
no peaks due to surface quinine groups, but a significant ox-
idation current starting around 0.6 V (where surface phenol
groups might be expected to be oxidized). As the cycles pro-
gressed, the oxidation current decreased and the current due
to surface quinine groups increased (the pair of peaks centred
on 0.39 V).

A third method, that has been more recently adopted, in-
volved etching the post polished surface by anodic polarisa-
tion in caustic solution (1.8 V in0.1 M NaOH, 20 s for glassy
carbon and 1.7V for 10s for pyrolytic graphite), This has
been reporied to remove carbon powder residue from polish-
ing, which is not removable by ultrasound [19]. This, how-
ever, also results in a surface with a relatively low oxidation
state {thought to be due to the stronger relative rate of cor-
rosive attack on higher oxidation state surface sites by the
caustic solution [20,21]). Accordingly, this surface eiching
was also followed by cycling the electrode 20 times between
—@.1 and 1.1 V versus SCE in 1 M H3804 to produce a sta-
ble surface. This method resulted in noticeably more repro-
ducible results from day to day and more stable results from
cycle to cycle.

The electrochemical measurements were carried oul us-
ing an EG&G 263 potentiostat with Scribner CorrWare and
CorrView 2.80 data collection and analysis scftware. The
chemicals used include VOSO4 and V305 from Alfa Aesar
{with certificates of analysis showing <99,9% and 99.6% re-
spective purity on a metals basis), ACS grade H2504, HCIO4,
and NaoCQs from EM Science, and de-ionized waier from a
Millipore Milly-Q Plus system.

Removing dissolved oxygen by sparging the solutions
with argon was observed to have no effect on the V(4)/V(5)
couple. Because of possible contamination from the SCE
electrode, a test was carried out where chloride was added

0.0

to the cell (ca 10-20 mg to 200 mL solution), which resulted
in no significant change to the voltammetry.

3, Results and discussion
3.1. General testing

Because the very high Tafel slope could be related to mass
transport limitations, measurements were made at various
rotation rates of the rotating disk electrode. The results are
shown in Fig. 6, with the effect of rotation rate becoming
significant at potentials below 0.1V (and above 1.2 V). Note
that below 0.1 V versus SCE, there is the possibility of the
reduction of V{4) to V(3) (E,=0.337V versus SHE [22]),
though this reaction is reported to be quite slow [23,24).
Thus, within the range of potentials shown in Fig, 4, there
is little effect of solution phase mass transport. Using the
Levich equation, one can also confirm that the limiting cur-
rent plateau probably occurs around —0.2 to —0.3 V. For ex-
ample, the estimated limiting current using 4000 rpm, 29 mM
V(5), kinematic viscosity = 0,01 cm? s~ and diffusion coeffi-
cient=3 x 1078 cm® s~ 1, is 16 mA ¢cm™2. The unusual shape
of the cathodic polarisation curve is related to the change in
the Tafel slope occurring at around 0.5 V, visible in Fig. 2.

The effect of pH on the reaction rate was also measured.
As can be seen in Fig. 7, the reaction is independent of pH
in the high Tafel slope region, Thus, the reaction in the high
Tafel slope region appears to be consistent with the following
mechanism (from Fig. 3):

[VO, - 4H0T" + ™ 2 [VO; - 4H;01° rd.s. €)
[VO3 - 4H,01° + Bt =2 [VOOH - 4H,0]* 4)
[VOOH - 4H,07" + HY 22 [VO . SH,072* (5)

G54
o DO
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Fig. 6. Effect of rotation rate (graphite clectrode, i0mV s, | M H2504, 21 mM V{4, 29 mM V(5)).
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NaClOy4; pH 0.8: 0.156 M HCIO, +1.094 M NaClO4; pH 1.1; 0.078 M HCIO4 + 1.172 M NaClOy (graphite clectrede, 1 mV s~!, 40 mM V(5), 10mM V(4),

4000 rpm).

(Though, it should be noted that, it is likely that in sulphuric
acid solution some of the ligands may be replaced with sul-
phate or bisulphate}, Such a mechanism leads to speculation
that the postulated intermediate, VOS, which would be ex-
pected to have a low solubility, is a cause of the observed
high Tafel slope.

If a poorly soluble intermediate such as VOY is considered
to cause the low apparent symimeiry factor, this could invelve
a precipitated film that limits mass transport or causes a high
resistive drop. However, in these cases a critical local satu-
rated concentration of the intermediate, related to a critical
flux, might be expected, It should then be possible to find a
reactant concentration low enough to avoid precipitation or

complete coverage of the electrode surface, Tests were there-
fore done to see the effect of the reactant concentration over
a range from 0.03125 to 280 mM, with the results shown in
Fig. 8. It is interesting to note that there does not seem to
be a critical current density (or flux) at which the low Tafel
slope begins, Potential step measurements also did not show
the current decay characteristic of diffusion through a de-
posited film (i.e. a current decay with square root of time)
nor of sufficient magnitude to account for the suppressed
current in the high Tafel region. Further, a precipitated film
limiting access of reactant to the electrode should result in a
steady-state current where the film growth is equal to the film
dissolution, hence potential independent. In additional tests,

1.0E-01
_280mM

1080z |~

10E-081
" -
§ 1ogon [ BB
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2 P
' LOE05 e 0.03125 mM T
g LE-05 ¢ e )
<
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1 0E-08 - ! e
0.1 02 N3 04 05

a8 0V 08 1 1.1
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Fig. 8. Polarisation curves over a range of vanadium {5) concentrations {graphite electrode, 1 mVs~1, 1 M Hz504, 4000 rpm, V(4) concentraticn at 25% of

V(5).
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measurements using the IR interrupt function on the 263 po-
tentiostat also showed no measurable increase in resistance
in the high Tafel slope region. This rules out the possibility of
a resistive film being deposited on the electrode surface, (It
can be seen in Fig. 4A, that for a resistive drop to account for
the difference between the observed Tafel slope and a more
typical 120 mV decade™! Tafel slope, would require an easily
measured IR drop of a few hundred millivolts.)

3.2. Carbon surface effects

Another possibility is that the low apparent symmetry fac-
tor is due to changes in the carbon electrode surface. Refer-
ring to Fig. 5, the surface quinone groups undergo reaction at
around 0.39 V, which is mid-point of the measured high Tafel
region. Thus, if the carbon surface with reduced, catechol-
type surface groups, has a lower activity than the surface with
oxidised, o-benzoquinone-type groups, then a decreasing ac-
tivity with more cathodic potential might occur, leading to a
low apparent symmetry factor,

To test this idea, a freshly etched carbon electrode that
has not been subjected io anodic cycling (and thus has a rel-
atively un-oxidised surface as discussed in Section 2) was
used. Further, a special low redox potential solution (i.e. a
low ratio of V(5}V(4)) was also used to avoid oxidising
the surface at open circuit prior to measurement of the un-
oxidised surface polarisation curve. The results are shown in
Fig. 9. This electrode gave repeated cycles with a very siraight
Tafel region and a very low transfer coefficient of only 0.082
(733 mV decade ! with a correlation coefficient of 0.9994}.
This was followed by polarisation cycles that continued up
to 1.1V, where the carbon surface would become oxidised
{see Fig. 5). For the oxidised surface, hysterisis is observed
and the current is lower at most potentials versus the low ox-
idation case. However, as the surface o-benzoquinone-type

1.0E.03

groups change from oxidised to reduced state (centred on
0.39 V), the polarisation curve begins to bend upward to join
the curve for the un-oxidised surface. Thus, the presence of
surface o-benzoquinone-type groups suppresses the reaction
rate, though the reaction rate is largely recovered when these
groups are reduced to their catechol-type form, and hysterisis
is observed as this “recovered” reaction rate is retained on the
reverse sweep.

Thus, the type of surface oxide functicnal group on the
carbon was found to have a clear effect on the voltammet-
ric curves {again showing the strong surface sensitivity of
this reaction). However, rather than being the cause of the
low apparent symmetry factor, the effect for typical polari-
sation curves is actually to increase the apparent symmetry
factor.

3.3. Adsorbed intermediates

As well as the effect of the state of oxidation of the car-
bon surface on the reaction, we have found large differences
in reaction rate with the type of carbon (glassy carbon ver-
sus pyrolytic graphite [25]). Other workers have found dif-
ferences with the surface polishing [18] and with different
preparations and types of carbon felt electrodes [26,27]. This
is typical of an inner Helmholtz layer type reaction, and so
a full understanding of the reaction should also consider the
role of adsorbed intermediates. 1f the reaction involves ad-
sorption, one could break down the reaction of Eq. (3) into
three steps.

VO; = vojads (6)
VOZ, - =2vo) 7

2ads T & 2ads (7)
VO34 7 VO3 @®)

1.0E-04 5

1 OE-0B ¢

Absolute Current Density / A cm=

1.0E-06

pT 02 03 04 05

08 07 0B 0D 1 11

Potentinl / V vs S8CE

l e 0 TEER 2]

- omidhized o

Fig. 9. Different results for an “as prepared carbon surface” (low oxidation state) and an “oxidised carbon sutface” {cycled to 1.1 V) (graphite clcetrode,

ImVs~!, 1 M Hz804, 2mM V(5) and 48 mM V(4), 4000 rpm),
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(Note that a step such as VOJ . + HT @ VOOH™ would, if
it was rate determining, lead to a pH dependence that would
not be compatible with the resuits in Fig. 7).

To investigate possible adsorbed intermediates, the elec-
trode capacitance was measured using a sawtooth waveform
with an amplitude of 30 mV and a sweep rate of 5000 mV s~
This is similar to the method suggested in the literature for
measuring carbon double layer capacitance [20,28]. This
method offers the advantage of a very short test time (a 3 min
hold at the centre potential, followed by 36 ms for three test
cycles). This allows a range of potentials to be measured with
fewer concerns about changes in the state of the electrode sur-
face over the course of the measurements. A typicai result for
pyrolytic graphite in sulphuric acid is shown in Fig, 10,

2.0E-G33

The results in Fig. 10 clearly show a large pseudocapaci-
tance around 0.39 V related to carbon surface quinone species
[20]-Following the blank test in sulphuric acid, the electrode
was transferred to a vanadium containing solution where the
double layer sweep test was repeated, a sfow (1 mV s~!) po-
larisation curve was measured, and the double layer sweep
test was repeated. Alter this, the elecirode was removed,
rinsed and the blank test in sulphuric acid was repeated, Re-
sults in the presence of vanadium are shown in Fig. | 1, From
these results, plots of capacitance versus voltage can be made
as shown in Fig, 12,

On comparing the resuits with and without vanadium,
several changes in electrode capacitance are observed. The
pseudocapacitance related to the surface quinone groups is

DOELO0 1
-2.0E-03
-4 0E-03-

B.08-0%

Current/ Acm=

-B0E-031

AOE-G2 f7f

-1 28021
o

Y D4

0.6 08 1

Potential / V vs. SCE

Fig. 11. Electrode double layer capacitance measurement results with vanadium present. Steady state result for a 1 mVs~! sweep also shown in grey (graphito

electrode, | M HyS04, 42 mM V(5), 42 mM V(4), 4000 rpm).
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Fig. 12, Plot of capacitance versus voltage for a pyrolytic graphite electrode using the data in Figs. 10 and {1,

significantly diminished. Also, two new pseudocapacitance
peaks appear, one at about 0,175-0.2V (Peak 1), and
the other about 0.675-0.725V (Peak 3). These changes
were reversed on returning the electrode to a vanadium
free, sulphuric acid solution. Similar tests were carried
out for a range of total vanadium concentrations and for
different ratios of V(4)»-V(5). Note that for measurements
at higher concentrations (greater than 40mM V(5)) and
higher overpotentials (e.g. less than 0.3 V) the resulting
lower Faradaic resistance (Rf) makes the influence of IR
drop errors on the capacitance measurement larger, i.e.:

The use of IR correction can be used to extend the mea-
surement range somewhat, before errors become too large.
Because of the high sweep rates used, positive feedback IR
correction was used, with the resistance value (Rg) evaluated
using the potentiostat’s in-built current interruption and an
oscilloscope.

One result of these tests was that the observed changes in
the presence of vanadium correlated to the concentration of
V(5), independent of the V(4) concentration. The different
peaks also have different concentration dependencies (from
0.03125 to 280 mM V(3)) and sweep rate dependencies (from
20 to 10000mV s~1). The effect of concentration is shown

2 T .
C =C Re © in Fig. 13. Peak 1 appeared at V(5) concentrations above
apparent — ' . . N v
PP Ri+ Rs 0.5 mM with a capacitance that increased steadily with lower
5
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Fig. 13. Relatiouships found between V(5) concentration and the measured pseudocapacitance peak heights (note, curves are shown simply for ease of sceing

data trends).
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sweep rate, The suppression of Peak 2 oceurred in the lowest
tested V(5) solution (0.03125 mM) and was relatively inde-
pendent of sweep rate. This would appear to indicate that
there is a strong interaction between V(5) and the carbon sur-
face quinone groups. Peak 3 appeared at V(5) concentrations
above 2 mM with a capacitance that increased as the sweep
rate was lowered to around 500 mV s™!, then remained rela-
tively constant, In all three cases the dependence with concen-
tration was not linear, being better represented by a Langmuir
or Temkin type relationship.

It is interesting to compare these results with the mech-
anism proposed in our previous paper (shown in Fig,. 3). In
that work, for the purpose of trying o fit experimental data
with a model, estimates had been made for the various pK,
and E, values, From the literature E° pyeri = 1.004 V versus
SHE (0.763 V versus SCE) and pKya =5.36 [22]. Values for
the other equilibrivm constants are not available and so, in the
previous work, to see the quality of the qualitative fit to the
data, approximate values for the various pK,s were used, The
existence of HVO,2" has been suggested from the variation of
the equilibrium potentials of V(IV)/V(V) mixtures in strong
acid [29], but no stable HVO;** species is reported above pH
—1122]. Therefore, values of pKa7 = —2 and pKys = —3 were
chosen. Data for the equilibrium between VO?* and V204 is
available, but not for VO3. The value of pK,s must be more
alkaline than pKy4, but from Pourbaix, the equilibrium be-
tween 1 mM VO?*" and the dry oxide V204 would occur at
pH 3.95 [22]. Thus a value slightly more alkaline than pKa4,
of pKys=35.6, was chosen. Based on these values, E, values
can be estimated. This is because for cach path the overall
free energy changes must be the same. Therefore, each E°
can be specified in terms of an overall E® as shown below:

nTEY o = nFE] — RTIn(K 50qK7eq) (10)
"FEgvem!l = ”FES - RTln(K4quTeq) (11)
nFEy, oy = #FE] — RTI(K 4eqK6eq) (12)

This resulled in estimated values of Eg =1.05V,
Ey =057V, and E;3=0.13V (all versus SCE). It is inter-
esting to note that the potential of Egy is similar to that of
Peak 3 and Eg3 to that of Peak 1. (Note that, even if the above
PK, estimates were correct, there would be some discrepancy
due to the, probably different, energies of adsorption of the
various species and the possibility that the observed reactions
are displaced from equilibrium. On the other hand, an error
of 1 pH unit in an assumed pK, would only result in an error
of 0.06 V in the estimated E,.)

As there obviously are adsorbed intermediates, we can re-
turn to Eqs. (6)—(8) to see what would be predicted. Because
the measured pseudocapacitance in the presence of VO, " in-
dicates the presence of adsorbed intermediates, it is unlikely
that step 6 would be rate determining, [f step 6 is at equilib-
rium, we can write (assuming the simplest case of'a Langmuir

isotherm) that coverage of adsorbed VO™ is given by:

[Vof]kﬁf(l - voﬂ)
Oyor = + 2
2 EVO; Tkes -+ kar

(13)
And, assuming steady state, one can write for the coverage
of adsorbed VO3 "

2 — _ t
P 9\.’0;]‘7 exp ( RT v EO))

(1-)F
—_ Vogkjf exp (T(V - Efo) e Qvogkg = ) (14)
Then the coverage of vog would be:

9\!0’{ krexp (%j:”(V =)

g = 15
VT ke (- @BRDYV —Bp)
This predicts that when:
(1 - a)F ,
kg < k —(V-E
g < k7exp ( 7T\ o)

Then step 8 will be rate determining and step 7 will be close
to equilibrium;

~F
Byoy = Byop oxp (ﬁ(v - E{,)) (16)

At very high overpotentials the coverage of vog would
become essentially [ and the reaction rate would be potential
and concentration independent. There is no sign of such an
occurrence in the data shown in Fig. 8. For lower VO3 cov-
erages the reaction rate, if step 8 is rate determining, is given
by:

i -F ,
e 9v03k8 = Qvogrkg exp (E(V - EO)) an

And when:
(1 —-mF /
k —(V-E
kg > 7BXP< RT ( o)

Then step 7 is rate determining and the reaction rate is;

i ~aF .
;:E = (9\102](7 €Xp (F(V — Eo)) (18)

Therefore, above a transition potential the transfer coef-
ficient should be 1 (Eq. (17)), and befow the transition po-
tential the transfer coefficient should be o (Eq. (18)), as is
typical for an EC type mechanism. This does generally fit
the observed data, for example the results in Fig, 8, but has a
couple of discrepancies. One is that it does not explain why
the symmetry factor should be so low. A second problem is
that the transition potential, where the rate determining step
changes, occurs at a potential significantly anodic to the ex-
pected equilibrium potential. In Fig. & the mechanism change
appears around 0.6 V for most of the polarisation curves. (The
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deviation at higher concentrations may be due to the forma-
tion of vanadium complexes such as V203> [30]). Using the
estimated equilibrium potential of £, = 0.13 V one can then
state at the transition potential:

kg = kyexp (%(V - Eg))

= k7exp (M(O.G - 0.13)) 3 k79430 (19)
RT

Then, at the equilibrium potential, around where the coverage

of &5 should be changing to 84 at the highest rate, and so where

the peak pseudocapacitance should be seen, using Egs. (15)

and (19) one obtains:

0 Ovorks  Byor
VO, T 119430 + k7 | 9431

This makes it difficult to see how a significant pseudocapac-
itance would cccur at the potential of Peak 1. Note a sym-
metry factor of 0.5 was used in the calculation, Using 0.13
would vield an even lower coverage of VOS at the equilib-
rium petential. Thus, it appears that the pseudocapacitance
data (related to adsorbed intermediates) is not consistent with
the steady-state polarisation data (related to VO, from the
solution undergoing reaction at the electrode).

(20

3.4. A reaction model

One common explanation for a low apparent symmetry
factor is that only some fraction of the applied potential is
actually driving the rate determining step [31]. We, there-
fore, considered the situation where there might be a strongly
adsorbed layer of reaction intermediates on the electrode sur-
face, with the electron transfer occurring through that layer
to reactant further from the electrode. This two layer model
would also help to explain the apparent discrepancy between
the pseudocapacitance data and the steady state polarisation
data,

In such a case, the shape of the electric field near the
electrode surface will affect the eleciron transfer to the ad-
sorbed layer and to reactant further from the electrode, In the
reaction being considered in this work, the adsorbed layers
appear to reach their maximum pseudocapacitance at close
to what might be the expected values (i.e. close to the postu-
lated equilibrium potentials). On the other hand, the overall
reaction displays an extremely low apparent symmetry fac-
tor. These results would therefore correspond to the situation
where most of the potential drop activates electron transfer
from the electrode to the adsorbed layer, with relatively little
remaining to activate the electron transfer to reactant located
further from the electrode. Thus, we would postulate an in-
ner strongly adsorbed layer where kg is small and most of the
applied potential drop occurs. This would give rise to the ob-
served pseudocapacitance, but because of the low turn over, it
would only have a small contribution to the observed steady
state reaction rate. A second, less strongly adsorbed layer

" Eow

Fig. 14. A two layer mode! of adsorbed intermediates at the electrode surface
with the postulated potential drop.

{i.e. with a larger kg) would have a high turn over and a more
anodic transition potential, along with a smaller fraction of
the applied potential and so a low apparent symmetry factor.
This second, higher turnover, layer would produce the reac-
tion current observed in the polarisation curves. This model
is diagrammed in Fig. 14.

In the model, reactions in both layers involve adsorption,
This is because, if the main reaction measured in the polarisa-
tion curves were outer Helmholtz, a more normal symmetry
factor (i.e. near 0.5) would be expected at open areas of the
electrode. This would be expected to be especially apparent
at low concentrations where a large part of the electrode
surface would be uncovered (the fact that the surface is
not saturated is supported by the pseudocapacitance results
varying with concentration in Fig. 13). The assumption
of an inner Helmholtz reaction is also supported by other
electrochemical studies of non-complexed metal ions at car-
bon. In particular, it is thought that interaction with surface
oxygen groups is important to obtain reasonable reaction
rates [32-34]. In the model in Fig. 14, the second layer
would, however, be adsorbing on an inner layer of adsorbed
vanadivum. While such an adsorption is postulated to be
weaker (i.e, a higher k), some catalysis may occur through
interaction with the inner adsorbed layer. The interactions
of vanadium with oxygen containing species, and with other
vanadium oxides to form polymetaloxylates, are both well
known [35,36]. Also, in such a case, as the reactant concen-
tration is changed, both layers would proportionally change
in relation to their different isotherms. This would result in a
reactive structure on the electrode surface that would remain
generally similar over a range of conditions and so might
more easily explain the consistent data in Fig. 8. Also, in this
model the presence of a blocking layer of adsorbed interme-
diates is related to the expected low solubility of an adsorbed
VOY intermediate. This explanation is therefore also consis-
tent with the lack of such an unusual transfer coefficient for
the VO?* to VO3 ™ reaction (which involves the same reactant
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and product species, but does not have the same intermediate
[12zn.

While such a model appears to qualitatively fit with the
observed data, there are many details that need to be deter-
mined in terms of the exact film structure and mechanism
of electron transfer. The tunnelling of electrons through an
adsorbed bridge species has been theoretically analysed by
Dogonadze et al. [37,38] and Schmickler [39]. Dogonadze
et al. have developed models for the case where the ad-
sorbed intermediate is present at small coverage and hence
has a discrete electronic spectrum [37] and for the case of
high coverage where the bridge species is represented by a
quasi-continuous surface encrgy band [38]. A second dis-
tinction was based on whether most of the applied electric
field appears across the electrode-bridge step or the bridge-
solution ion step. The resulting models gave predictions that
could include a symmetry factor of close to or equal to
zero. In Schmickler’s work the electron transfer was consid-
ered from the electrode, through the bridge, to the solution
species as a single tunnelling event, The electron transfer
requires the system to reorganise so that the electronic en-
ergies of the initial, intermediate, and final states are equal,
It is felt that the predicted current-potential curves will be
complex as the elecironic energies of the surface state and
the redox couple would likely be dependent on the over-
polential. Thus, the predictions of both models are sensi-
tive to the shape of the electric field across the adsorbed
layer.

If a second layer can adsorb on the firsi vanadium layer,
then possibly a third layer could adsorb on the second
layer, and so a wedding cake type multilayer film might
ajso be possible. In such a case, the movement of electrons
through the film might be better described by electron
hopping theory. Another consideration is how the changes
in surface coverages of adsorbed species with potential
might effect the apparent Tafe! slope. For example, if the
desorption of the VOg intermediate is slow (Eq, (8)) and the
elecirochemical reaction (Eq. (7)) is close to equilibrium,
the ratio of the coverage of the adsorbed VOY intermediate
versus adsorbed V037 would be expected to follow a
Nernst relationship. It is not clear how such changes to
the inner adsorbed layer might affect the second layer and
the electron transfer, Thus, while the two layer model does
show promise in explaining the data obtained to date, much
still needs to be better understood to say if the model is
correct.

In such a model, the adsorbed intermediate’s structure and
so the overall response might be expected to be influenced
by changes to the clectrode surface and also possibly the
electrolyte. Some indication of this can be seen on comparing
the shape of the polarisation curves measured in sulphuric
acid (Fig. 8) with those in perchloric acid (Fig. 7). Thus,
while the observed polarisation curves for VO3 reduction
are consistent across a range of pH values and a very wide
range of conceritrations, they are very sensitive to the state
of the surface and the anions used. Finally, it is interesting to

note in the work of Oriji et al. [16], that the voltammetric peak
for the V(5)>V(4) reaction becomes much more reversible as
the sulphuric acid concentration is changed from 1 to 9 M,
indicating that the situation might also change in high ionic
strength solutions.

4, Conclusions

An investigation has been carried out to try to determine
the reason behind the low apparent symmeiry factor found
when reducing VO;* at high overpotentials at a carbon elec-
trode. The low apparent symmetry factor was found to occur
with both glassy carbon and pyrolytic graphite, over a wide
range of reactant concentrations, and pH values from 0 to 1.
This does not appear to be due to mass transport limitations,
a precipitated film, or adsorption or desorption rate determin-
ing steps.

Double layer measurements made while the reaction was
occurring showed two peaks that increased with increasing
concentration of VQ,". Also the typical carbon electrode
pseudocapacitance, due to the reversible oxidation and reduc-
tion of surface quinone type oxygen groups, was suppressed
in the presence of even very low concentrations of VO™, An
increasing suppression was observed with increasing VO,™
concentration,

A number of theories to explain the low apparent transfer
coefficient for the reduction of VO3 have been considered,
but none have been able to explain the data obtained to date,
At present, the best theory involves electron transfer to the
reacting species through a layer of adsorbed intermediates
that are slow to desorb from the electrode surface. Because
of this, the entire applied potential is not available to drive the
rate determining step, leading to the observed low apparent
symmetry factor. While more work is needed to completely
verify and detail this theory, it shows promise in helping un-
derstand the data obtained to date and in focusing further
research. Thus, the present research has helped to increase
the understanding of this complex, but important, electro-
chemical system,
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