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We demonstrate a vanadium redox flow battery with a peak power density of 557 mW cm~2 at a state of
charge of 60%. This power density, the highest reported to date, was obtained with a zero-gap flow field
cell architecture and non-wetproofed carbon paper electrodes. The electrodes were comprised of stacked
sheets of carbon paper and optimized through systematic variation of the total electrode thickness. We
anticipate significant reductions in the ultimate system cost of redox flow battery systems based on this

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Redox flow batteries (RFBs) are a potentially enabling technol-
ogy for intermittent, renewable energy sources such as wind and
solar power [1-3]. Large-scale energy storage in RFBs could alle-
viate the unpredictability of such energy sources by leveling their
output over time [4-7]. One type of RFB is the all-vanadium redox
flow battery (VRB), in which vanadium is dissolved in an acid solu-
tion, typically sulfuric acid. Since vanadium has four redox states,
the V2*/V3* and V4*/V5* (present as VO2*/VO,*) redox couples act
as the negative and positive electrolytes, respectively. During dis-
charge, VZ* is oxidized to V3* while V>* is reduced to V4*; charging
a VRB reverses this process.

Much of the emphasis of recent research on vanadium redox
batteries has focused on improving the energy density of the
device. Indeed, conventional VRBs are limited in this regard, offer-
ing roughly 20-30 Wh L~ (Li-ion batteries exceed 150 WhL-1)[8].
Work to increase this has focused on increasing the electrolyte
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concentration in the system. One important result of this work
has been enabling wider operating temperatures along with the
higher concentrations of vanadium species [9]. However, for most
stationary power uses, the energy density per se is a secondary
consideration. Cost is a primary driver of applicability of these
systems. Roughly speaking, key contributors to the installed cost
of a VRB are the cost of the vanadium, the membranes used and
everything else in similar proportion [10]. The vanadium cost is
fixed by the required capacity and the purity of the vanadium feed-
stock demanded. The remaining costs are strong functions of the
performance of the battery, best expressed as the power density
or current density in the operating voltage range. The total area
of cell and membrane represent a significant cost, which can be
directly reduced by improving the power density. We note in pass-
ing that the operating cost of the system will be also be strongly
influenced by the efficiency of operation. At the cell level, this is
tantamount to increasing the operating voltage of the cell. This,
in turn, also implies that the most rational path forward is to
maximize the current density over a given voltage range, with
a few other implications for the manner of operating the sys-
tem.

In this work, we report the first in a series of efforts to increase
VRB performance. Some rather slight changes in cell design and
material selection enable a dramatic increase in power density of
roughly five-fold over previously reported devices, with significant
gains also achieved at a higher operating efficiency point.
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Fig. 1. Picture/schematic of VRB test setup in the BRANE lab.

2. Method of approach
2.1. Cell construction

A modified direct methanol fuel cell (Fuel Cell Technologies)
with 5 cm? active area was utilized in this work, as shown in Fig. 1.
To minimize ionic and contact resistances between the membrane
and electrode, the RFB had a “zero-gap” configuration, meaning that
the membrane, electrodes, and current collectors were in direct
contact. A Nafion 117 (Ion-Power, Inc.) membrane served as the
separator. The electrodes were 10 AA carbon paper (SGL Tech-
nologies GmbH) with uncompressed thickness of ~410 wm and
specific resistance of 0.012 2-cm. Poco pyro-sealed graphite plates
with machined serpentine flow channels distributed the electrolyte
across the active area of the RFB while also conducting current to
gold-plated current collectors.

2.2. Electrolyte system

The all-vanadium electrolyte was initially made by dissolution
of 1.0 M VOSO4 (99.9% purity, Alfa Aesar) in a sulfuric acid solution
with a total SO42~ concentration of 5 M. Both electrolyte reservoirs
initially consisted of a solution containing only the V4* ion. The
positive electrolyte volume was initially 100 mL, twice the nega-
tive electrolyte volume. These electrolytes were then charged until
the V4* was converted to V2* (negative electrode electrolyte) and
V>* (positive electrode electrolyte), and subsequently half of the
positive electrolyte solution was removed from its reservoir, mak-
ing the solution volumes equal. Acid-resistant diaphragm (KNF
Lab) or peristaltic (Cole Parmer) pumps maintained a flow rate
of 20mLmin~! during charging. Nitrogen purging in the negative
electrolyte reservoir was used to prevent the charged V2* from
oxidizing to V3*.

2.3. Electrochemical measurements

Polarization curves and impedance spectroscopy were per-
formed with a Bio-Logic HCP-803 potentiostat or a Scribner 857
potentiostat. The positive electrode of the battery served as the
working electrode, while the counter and reference leads con-
nected to the negative electrode. Discharging polarization curves
were recorded galvanostatically, with the battery at an initial state
of charge (SoC) of either 50% or 100%. The battery was assumed
to be at full charge when a current of <20mA (4mAcm~2) was
observed when the battery was held potentiostatically at 1.8V. A
SoC of 50% was achieved by assuming 100% coulombic efficiency
and discharging from 100% SoC at 500 mA for the appropriate time,
based on the electrolyte volume and concentration. Each step in
the polarization curves lasted for 30 s. All experiments in this work
occurred at room temperature with no active temperature control.

However, the reservoir temperature did not measurably increase
during an experiment, and the assumption of constant temperature
is maintained throughout this work.

High frequency resistance (HFR) was measured at a single fre-
quency in a range from 10 to 100 kHz with an AC perturbation of
10 mV amplitude. Areal specific resistance (ASR) was calculated by
multiplying the HFR by the active area of the membrane, 5 cm?. The
ASR allowed us to correct polarization curves for ohmic (iR) losses
at a given current density. The use of iR correction is noted where
appropriate.

3. Results and discussion

The critical difference between most designs reported in the
literature and that described here is our use of a fuel cell-type
structure with zero gap for electrolyte flow. We flow the solution
through a flow field in contact with a porous carbon electrode.
Flow into the electrode occurs by some combination of diffusion
and convection perpendicular to the flow field path. It is possible
that the use of a serpentine flow channel may introduce unaccept-
able pressure drops in installation-level cell hardware. If this is the
case, the increased power density and efficiency realized by such a
design, detailed below, may compensate for the increased parasitic
pump load. A detailed analysis of system-level considerations such
as these is beyond the scope of this contribution.

We used polarization curves to frame our analysis of the per-
formance of the RFBs, as they help determine which processes
dominate the overpotential at a particular current [11]. It is impor-
tant to note that in a laboratory-scale flow battery, unlike in a fuel
cell, a significant depletion of electrolyte capacity may occur during
the measurement of a polarization curve. During our investigation
of the optimized battery described below, the state of charge of
the electrolytes was reduced from 100% to less than 35% when the
limiting current density was reached. In this case, the peak power
density was obtained when the SOC had been reduced to 60%. The
state of charge of the battery has a significant effect on the maxi-
mum power density of the device. In the case of an initial state of
charge of 50%, the peak power was reached at a state of charge of
approximately 41%.

Fig. 2 shows a comparison between the polarization curves of
the optimized RFB and others found in the literature. Only one con-
tribution [12] included a full polarization curve; the rest of the
results were for partial polarization curves that had been used to
calculate the internal resistance of a RFB. Additionally, the state of
charge of these reported systems is seldom clearly defined. Never-
theless, the limiting current for our RFB with optimized electrode
thickness exceeded 920 mA cm~2 at 0.20V while the next highest
was 280 mA cm~2 [12]. Moreover, the cell reported by Kjeang et al.
[12] was of a microfluidic design that is not considered feasible for
a large-scale energy storage application and showed small overall
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Fig. 2. Performance curves of single layer electrode versus other published work.
Solid lines are power density; dotted lines are cell potential. Our work was per-
formed with 1 M vanadium in 4 M H,SO4 and 50% state of charge.

output. For a VRB with more similarities to our design, we found no
published, complete polarization curves. However, the result from
Chen et al. [13] show an overpotential of 293 mV at 20 mA cm—2
compared to 70mV at the same current for our RFB. The state of
charge of the device in Ref. [13] is not stated explicitly; our device
was at nearly full charge. However, we found the overpotentials
in our system at 20mA cm~2 were unchanged at an initial state
of charge of 50%. The design we report here thus offers increased
efficiency over the entire range of operational current density.
The use of a zero-gap cell architecture and thin electrodes had a
pronounced effect on the ohmic losses in the cell. An ASR of 0.50 2-
cm? was found for the VRB reported here, while the ASR values
reported by Chen et al. [13] and Kazacos [14] were 3.5 Q-cm? and
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Fig. 3. iR-free polarization curves showing the effect of number of negative elec-
trode layers on RFB performance. The positive electrode was a single layer of carbon
paper for each experiment.
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Fig. 4. iR-free polarization curves showing the effect of varying positive electrode
layers on RFB performance. The negative electrode was a single layer of carbon paper
for each experiment.

5.4 Q-cm?, respectively. Irrespective of any other losses, a VRB with
an OCV of 1.5V and an ASR of 5 2-cm? will never be capable of sus-
taining more than 300 mAcm~2, and in service will be limited to
even lower current density in order to deliver a useful cell volt-
age. In contrast, a battery with an ASR of 0.50 Q2-cm? is limited
to 3Acm~2. Of course, other losses are present, and this is plainly
evident in the nonlinearity of the polarization curves we present.
Nevertheless, lowering the ohmic ASR of a battery is a prerequisite
for increasing its maximum current and power density.

Elimination of any gap between the membrane and the elec-
trodes, a substantial reduction in electrode thickness, and a
significant compressive load on the cell are all likely contributors to
the reported reductions in ohmic ASR. These modifications respec-
tively reduce the ionic, electronic, and contact resistances in the
electrode, and when taken together have a large overall effect on
the total cell ASR.

While high power density is desirable and often an important
metric of RFB performance, overpotential is an essential consider-
ation as well. Improved power density can lead to reduced costs, as
less material would be needed to support a desired power output.
However, the overpotential is also quite large at high power, result-
ing in relatively inefficient operation. This inefficiency, manifested
as waste heat, can also introduce stack thermal control issues. Thus,
efforts to improve RFBs can also focus on maximizing current at
a relatively low overpotential (i.e. a practical voltage efficiency)
rather than pushing out the limiting current to greater values. In
this regard, we have made nearly five-fold improvements in cur-
rent density at 1.2V. Nonetheless, documenting the peak power
provides more complete information to contribute to the optimiza-
tion. Also, higher performance near the peak power point provides
a wider operating range for the same device, i.e. a larger ratio
between peak power and power at a typical high efficiency operat-
ing point. This provides a bit more flexibility in sizing a battery
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Fig. 5. iR-free polarization curve comparison between “optimized” electrode layers
and single electrode layers.

if substantial short-term fluctuation of power demand or peak
shaving ability is present in the system to which storage is added.

We focused on increasing RFB performance by probing the influ-
ence of electrode thickness on polarization losses in the cell. A
key trade-off associated with thicker electrodes is between the
enhancement of the available surface area for the electrochemical
reaction and the penalties associated with poorer mass transport
through a thicker layer. We systematically varied the thickness of
one electrode by stacking multiple layers of carbon paper on top of
one another, while retaining a single layer of carbon paper as the
conjugate electrode. Figs. 3 and 4 show iR-free polarization curves
from RFBs initially at 100% SoC for which the number of layers
of carbon paper comprising the negative and positive electrodes,
respectively, was varied from 1 to 3. In all cases, the electrode
compression was 19-25% when the RFB was assembled.

On the negative electrode, multiple layers were superior (i.e.
lower overpotential) to a single-layer, though three layers per-
formed worse than two layers (Fig. 3). The overpotentials at
20mAcm~2 (in the activation dominated polarization region) for
one, two and three layers of negative electrode were 98, 83, and
113 mV, respectively. The best performance in the ohmic and mass
transport-limited regions was observed with two negative elec-
trode layers, as well, with the difference more pronounced than
at low current. There is clearly an important interplay between
the kinetic losses which scale with the available electrode sur-
face area and the ohmic losses in the electrolyte solutions, which
are a function of the convective and diffusive flow to and from
the electrode. Different electrode materials will clearly impact this
balance.

Fig. 4 shows results for one to three layers of positive electrode
carbon paper and a single negative electrode layer. In this case,
multiple layers were again superior to a single electrode layer;
however, three positive electrode layers performed slightly better
than two, especially at greater current. At 20 mA cm~2, two layers
again exhibited the least overpotential-the overpotentials were 98,

68, and 109 mV for one, two and three positive electrode layers,
respectively. Above 520 mA cm—2, however, the three-layer setup
exhibited less iR-free overpotential than the two-layer setup.

Based on these results, we attempted to construct an opti-
mized RFB employing two layers of carbon paper as the negative
electrode and three layers as the positive electrode, since these
exhibited the lowest overpotentials individually. However, this
configuration did not result in the best performance. We found
instead that a configuration using three layers of carbon paper to
form each electrode was superior. This illustrates the importance
of single-electrode studies, which we are presently conduct-
ing with the aid of a recently developed in situ reference
electrode [15].

Fig. 5 compares the iR-free polarization curves from the opti-
mized RFB to the single-layer case at a starting SoC of 100%.

4. Conclusions

In this work, the maximum reported power density of a
vanadium redox flow battery was increased more than five-fold
compared to other conventional published systems. We attribute
this primarily to the zero gap flow field architecture and thin
carbon paper electrodes that ensured good contact between all
components of the cell and reduced charge transport distances. In
addition, the presence of a serpentine flow field effectively spread
the electrolyte across the entire membrane surface area, enhancing
mass transport to the electrodes. Utilization of multiple electrode
material layers as the negative and positive electrodes also resulted
in improved flow battery output, and demonstrated the coupled
nature of ohmic, kinetic, and mass transportlosses in these systems.
The results of this study provide a pathway forward to reduced cost
and dramatically improved performance in vanadium redox flow
battery systems.
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