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The sources of voltage loss in the minimal architecture zinc bromine battery are characterized using the galvanostatic intermittent
titration technique (GITT) and electrochemical impedance spectroscopy (EIS) on a cell with a three electrode setup. Monitoring
of the electrode voltages during charge/discharge indicate the full cell capacity is limited by the Zn/Zn2+ negative electrode. From
GITT, the losses in voltage due to mass transport are shown to be relatively small in comparison to the IR resistance in the cell. In
addition, it is shown that decreases in the open circuit voltage with respect to theory are likely caused by the complexation of Br2
into BrX

−. Using EIS, the charge transfer resistances at each electrode and ohmic resistances of each component are determined.
Overall, the main factors restricting the voltage of the cell are the ohmic resistances in the carbon cloth current collectors and in the
electrolyte. Additionally, significant charge transfer resistances are observed at the negative electrode near the start of charge and
end of discharge, when the amount of zinc plated on the carbon cloth electrode is minimal.
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The major design criteria for electrochemical energy storage on
the grid-scale are low cost and long lifetime. To accomplish this,
research efforts have largely focused on the development of low-
cost active materials which are incorporated into traditional battery
designs.1–10 These designs typically contain a considerable amount
of passive components that are necessary for extending the lifetime
of the battery. An undesired consequence of combining inexpensive
materials with passive components is the balance-of-plant cost far
outweighs the active material cost.

For example, zinc-bromine redox flow batteries have been shown
to perform with less than 20% capacity fade for 2,500 cycles.11,12

However, the cost of this technology (>$200 kWh) is still prohibitive
even though the active materials and carbon electrodes only account
for ∼$8 kWh.13 The majority of the cost comes from the system level,
where complexing agents, separation membranes, and flow systems
are used to prevent the corrosive bromine from reacting with the zinc
electrode.14–23

In light of this fact, our lab has recently developed a minimal ar-
chitecture zinc-bromine battery (MA-ZBB), which utilizes the same
chemistry from commercial zinc-bromine flow batteries, but does not
require the need of any passive components, significantly reducing
the cost (projected ∼$94/kWh).24 The MA-ZBB is composed of two
carbon based electrodes, which are spatially separated in the verti-
cal direction, in an aqueous electrolyte containing zinc-bromide salt.
The battery does not contain any passive components for control-
ling bromine/zinc interaction (i.e. pumps, membranes or complexing
agents). Instead, the electrodes are vertically separated to utilize the
variations in density between bromine and the aqueous electrolyte as
an advantage to minimize self-discharge. At the negative electrode on
top of the cell, zinc ions are reduced (Zn) and oxidized (Zn2+) on a
carbon cloth during charge and discharge, respectively.

Zn
discharge−−−−−⇀↽−−−−−

charge
Zn2+ + 2e− [1]

At the positive electrode, which is located on the bottom of the cell,
bromide ions are oxidized (Br2) and reduced (Br−) within a carbon
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foam electrode (CFE).

Br2 + 2e− discharge−−−−−⇀↽−−−−−
charge

2Br− [2]

To date, a lab-scale cell has demonstrated an energy efficiency of
>60% and a coloumbic efficiency of >90% for over 1000 cycles at
an energy density of ∼10 Wh/L.24 Further improvements in the per-
formance are required to increase the viability of this technology for
grid-level energy storage. In particular, the energy efficiency of 60%
signifies considerable voltage losses in the system, which reduce the
energy density and increase the overall cost. In this work, we seek
to quantify these sources of voltage loss to identify viable methods
for improving the energy efficiency of the MA-ZBB. As an added
bonus, this study provides baseline performance metrics for a no-flow
zinc/bromine battery. To accomplish this, we use the galvanostatic in-
termittent titration technique (GITT) and electrochemical impedance
spectroscopy (EIS). Experiments are carried out on a lab-scale cell
which includes a silver|silver chloride reference electrode for deter-
mining the contributions of the positive and negative electrodes toward
the overall losses in the cell.

Experimental

Electrode fabrication.—The carbon foam electrode (CFE) used
as the positive electrode was fabricated using a method similar to
our previous work.24 In short, the electrode was composed of 90%
carbon and 10% polyvinylidene fluoride (PVDF) by weight. The car-
bon was 50:50 carbon black (EC600JD, AkzoNobel) and graphite
(496596-113.4G, Aldrich) by weight. The electrodes were fabricated
by combining the carbon with a solution of 5% PVDF and 95%
N-Methyl-2-pyrrolidone (by weight) and compressing the resulting
slurry using a custom built mold. During compression, a thin sheet of
carbon cloth (CCP, Fuel Cell Earth) was inserted into the CFE to act
as a current collector lead. The CFE was cured in a vacuum oven at
130◦C for 8 hours.

Cell construction.—A picture of the cell used in the experiments
is shown in Figure 1. The cell contains the CFE at the bottom of the
electrode which is connected to the outside by a carbon cloth lead,
which is 1.2 cm wide and 6.2 cm long. The carbon cloth lead is sealed
by applying a dispersion of polytetrafluoroethylene (PTFE) in water
to the cloth, evaporating the water over a hot plate, and wrapping
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Figure 1. Image of the MA-ZBB lab-scale cell in the discharged state.

the lead in PTFE tape. The same carbon cloth material (sealed in the
same manner) is used as the substrate and electrical lead at the top
of the cell for the zinc plating and stripping reaction at the negative
electrode. The active area is 4.5 cm2 and the current collector lead out
of the cell is 1.2 cm wide and 2.5 cm long. The shape of the negative
electrode cloth is maintained using a 3D printed component (Form
1+) wrapped in PTFE tape and heat sealed. A Ag|AgCl2 reference
electrode in 3 M NaCl is placed above the negative electrode, which
acts as a protective barrier to prevent any Br2 generated in the cell
from reaching the reference electrode (i.e., the Zn on the negative
electrode will react with any Br2 diffusing toward the top of the
cell). All tests were performed with 15 mL of 1.86 M ZnBr2 aqueous
solution.

Electrochemical testing.—Electrochemical tests were performed
using a μAutolabIII potentiostat (Metrohom, USA). Galvanostatic
intermittent titration technique (GITT) was performed at four different
rates on the same cell (5, 10, 15, and 20 mA). Prior to GITT, the cell
was cycled four times at the specified rate. Each cycle consisted of a
4 hour charge, a 10 minute rest, and a discharge to a cutoff voltage
of 1.1 V. The 4 hour charge/discharge time was chosen to represent a
renewable integration application.25

After the break-in cycles, GITT was performed by alternating be-
tween 30 minutes of applied current and 10 minutes of rest. Eight
measurements were taken during charge, corresponding to 4 hours
of total charge time. During discharge, measurements were taken
until the 1.1 V cutoff was reached during an applied current step.
GITT experiments were performed with the potentiostat in a two-
electrode configuration (i.e., voltage and current were only monitored
between the positive and negative electrodes). The voltage differences
between i) the negative electrode and reference electrode and ii) the
negative electrode and positive electrode were monitored simultane-
ously every 50 ms using a Particle Core microcontroller. The voltage
of the Ag|AgCl2 reference electrode was measured against another
Ag|AgCl2 reference electrode before and after each GITT experiment
to determine the electrode drift due to diffusion of ions across the
frit. A linear correction was applied to all voltage values based on the
drift.

Following the full round of GITT, electrochemical impedance
spectroscopy (EIS) experiments were performed using the
μAutolabIII potentiostat. For all EIS experiments, the cell was charged
at 20 mA for 30 minutes, rested for 5 minutes, and charged at 1 mA
for 12 minutes to equilibrate the voltage. Next, EIS was conducted
galvanostatically at 1 ± 0.9 mA with a frequency range from 100 kHz
to 10 mHz. The sinusoidal perturbation represents the smallest value
capable of producing a sizeable enough voltage change in our system

to generate a repeatable impedance measurement. This procedure was
completed 8 times during charging, corresponding to 4 hours of total
charge time. The same procedure was then repeated during discharge
(with the current direction reversed). The EIS experiments were first
run with the potentiostat in the three electrode configuration, using
the negative electrode as the working electrode. Next, the same tests
were run using the positive electrode as the working electrode. All
data was analyzed using Python.

Results and Discussion

Voltage curves during charge/discharge cycles at four rates are
shown in Figure 2 for the full cell (Fig. 2a), the negative electrode
(Fig. 2b), and the positive electrode (Fig. 2c). All data was taken from
the fourth cycle at a given rate. The voltage at the positive electrode
was obtained by adding the full cell voltage to the negative electrode
voltage, which were obtained simultaneously using the microcon-
troller. The coulombic efficiencies at 5, 10, 15, and 20 mA are 83.5%,
90.0%, 90.9%, and 92.5%, respectively. The energy efficiencies are
77.4%, 78.1%, 74.5%, and 71.4% at the same rates, respectively. The
standard error for the coulombic and energy efficiency during cycling
of the experimental cell are ±1.4% and ±1.0%, respectively.

According to the data, for all rates, the discharge capacity of the cell
is limited by the amount of zinc at the negative electrode, as indicated
by the corresponding spikes in voltage between the full cell (2a) and
the negative electrode (2b) toward the end of each cycle. The negative
electrode could be limiting capacity for two reasons: i) hydrogen
evolution during charging limits the total amount of plated zinc and
ii) the self-discharge reaction between bromine and zinc is detaching
zinc dendrites. The detaching of dendrites is required because simple
self-discharge would produce equal losses in the bromine and zinc
capacity, which would produce spikes in voltage at both electrodes
toward the end of discharge. A more in-depth quantification of these
two mechanisms is currently out of the scope of this work.

In terms of voltage loss, Fig. 2c indicates that the positive elec-
trode has much higher resistive losses because its voltage changes
significantly with applied current, especially when compared to the
negative electrode. To better quantify the voltage losses, the galvano-
static intermittent titration technique was applied to the cell at each
rate.

Galvanostatic intermittent titration technique (GITT).—The
voltage recovery data obtained from GITT while cycling the cell are
shown in Figure 3. The voltage recovery is defined as the change in
voltage with respect to the voltage immediately before the current was
interrupted. All times are reported with respect to when the current
was interrupted. Figures 3a and 3b show the voltage recovery of the
full cell during charging and discharging, respectively. In Fig. 3a, the
arrows indicate an increase in capacity from green to red. In Fig. 3b,
the arrows indicate an increase in depth of discharge from green to
red.

Interpretation of the data can be broken into two parts. First, the
initial, abrupt change in voltage over the first 50 ms corresponds to
ohmic and charge transfer resistances. The resistance associated with
this jump is referred to as IR resistance since the voltage penalty
associated with these resistances should scale roughly linearly with
current. Second, the continual voltage recovery over the next 10 min-
utes corresponds to mass transfer of species impacting the open circuit
voltage.

The IR resistances during charging and discharging for all cases
can be found in Figure 4. The inclusion of the reference electrode in
the cell made it possible to resolve the full IR resistance into positive
electrode and negative electrode components. According to the figure,
the positive electrode (Br−/Br2) is responsible for the majority of the
IR resistance. At all states of charge, over two-thirds of the IR resis-
tance can be attributed to the ohmic and charge transfer resistances
measured at that electrode. At low states of charge toward the end of
discharge, the IR resistance is shown to increase, which is caused by
increases in the resistance at the negative electrode. This can likely be
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Figure 2. Voltage curves during charge/discharge of
the lab-scale cell at four different currents, whereby
the cell was charged for four hours and then discharge
to a 1.1 V cutoff. Graphs show the measured voltage
between a) the positive and negative electrodes; b) the
negative electrode and the reference electrode; and c)
the positive electrode and the reference electrode. All
curves were taken from the fourth cycle at the specified
current.

contributed to decreases in available zinc at the negative electrode. A
more in depth quantification of these losses is obtained from EIS in
the next section.

Figure 5 quantifies the voltage recovery after the initial IR jump.
This data describes the voltage losses associated with mass transport

Figure 3. Voltage recovery upon interruption of current during a) charging and
b) discharging. Time is reported with respect to the start of current interruption.
Arrows in a) correspond to increased charging, where the green and red lines
refer to the voltage recovery after charging 0.5 and 4 hours, respectively.
Arrows in b) correspond to increased depths of discharge, where green lines
refer to voltage recovery after discharging 0.5 hrs and every subsequent line is
an additional half hour.

in the system. During charge (Fig. 5a), depleted Zn2+ at the nega-
tive electrode|electrolyte interface and excess Br2 and depleted Br− at
the positive electrode|electrolyte interface increase the voltage differ-
ence between the electrodes. During discharge (Fig. 5b), excess Zn2+,
depleted Br2 and excess Br− lower the voltage. The figure shows the
combined, full cell mass transport voltage losses. The positive and neg-
ative electrode components could not be resolved because the junction

Figure 4. Compilation of the IR resistances obtained from the GITT experi-
ments at each current rate during a) charging and b) discharging. At all rates, the
cell was charged for a total of four hours followed by a discharge to 1.1 V with
GITT measurements taken every 30 minutes. IR resistances were calculated
by dividing the initial voltage jump by the applied current.
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Figure 5. Total voltage recovery during the 10 minutes after the initial IR
jump during a) charging and b) discharging. Values provide an indication of
voltage loss due to poor mass transport.

potential across the frit of the reference electrode was impacted by the
local Zn2+ concentration at the negative electrode, yielding constant
potential differences between the reference and negative electrodes
during the mass transport portion of the voltage recovery.

During charging, the mass transport voltage losses increase with
increasing rates, but remain below 20 mV for all rates and at all
capacities. During discharging, the voltage losses are more similar
with rate, but increase substantially with increased depth of discharge
(higher capacity). The increased voltage losses can be attributed to the
low concentration of Br2 in the cell (see Figure 7), which causes poor
diffusion to the positive electrode surface. A similar voltage loss is
not observed during charging because the reactants during charging,
Br− and Zn2+, are in excess in the system, resulting in easier diffusion
to the electrode surfaces. At the end of discharge, for all rates, the
mass transport losses increase substantially as Br2 and Zn become
depleted.

In addition to studying voltage loss, GITT can be used to probe
the thermodynamic state of the battery during charge/discharge. For
instance, the voltage curves in Figure 3 all plateau to a steady
state value after ∼10 minutes. This plateau voltage represents the
thermodynamic/open-circuit voltage of the cell. These voltages are
represented as data points in Figure 6. Slight variations in the open
circuit voltage at each rate can likely be attributed to different amounts
of excess bromine in the cell. Excess bromine was likely present be-
cause the GITT measurements were conducted on the fourth cycle
and all cycles had <93% coulombic efficiency. The theoretical open
circuit voltage (OCV) can be calculated using the Nernst equation, as

Figure 6. Open circuit voltage of the minimal architecture zinc bromine bat-
tery obtained from GITT while cycled at a) 5, b) 10, c) 15, and d) 20 mA.

follows:

U = U0 + RT

2F
ln

(
cBr2

c2
Br− cZn2+

)
[3]

where U0 is the standard reference potential between the positive
and negative electrodes (1.849 V),26 R is the ideal gas constant, T is
the temperature, and F is Faraday’s constant. The terms inside the
logarithm represent the concentrations of aqueous phase bromine,
bromide ions, and zinc ions, respectively.

At first, to calculate U, it was assumed that all bromine produced
during charging went into the electrolyte as Br2(aq). Self-discharge
was ignored. In addition, bromine diffusion out of the CFE was as-
sumed to be negligible. This assumption arose from the fact that the
relaxation time corresponding to complete bromine diffusion within
the cell, determined from L2/D, was estimated to be ∼50 hours. L
is the average distance between the electrodes (1.5 cm) and D is the
diffusion coefficient of Br2 (1.31 × 10−5 cm2 s−1).26 This relaxation
time is much larger than the 10 minute voltage recovery observed
experimentally, suggesting the voltage recovery over short times can
mainly be attributed to relaxation of Br2 within the pores of the CFE.
A similar analysis was done on the Zn2+ ions to justify the final as-
sumption that the zinc ions within the CFE had no impact on the total
concentration.

Based on these assumptions, the concentration of each species at
each time was determined using the following ordinary differential
equation:

dci

dt
= si I

ni FVi
[4]

where si is the stoichiometric factor of species ‘i’, ni is the number
of equivalent electrons per mole of species, and I is the reaction rate
in amps (positive for oxidation, negative for reduction). An overview
of the values can be found in Table I. In the table, c0 is the initial
concentration of ZnBr2, Vcell is the total electrolyte volume, VCFE is
the total CFE volume (5.5 mL), and ε is the porosity of the CFE
(45%).24

Table I. Parameters and initial conditions used to calculate the
concentration in the cell for the open circuit voltage approximation.

Species si ni Vi (dm3) ci(0) (M)

Zn2+ 1 2 Vcell - εVCFE c0

Br− 2 2 εVCFE 2c0

Br2 1 2 εVCFE 0



Journal of The Electrochemical Society, 164 (13) A3101-A3108 (2017) A3105

The results of the calculation are shown as the solid green line in
Figure 6. At all rates, Eq. 4 significantly overestimates the experimen-
tal open circuit voltage by 50 to 300 mV. An overestimation of this
size can only occur if the concentration term within the natural log-
arithm in Eq. 3 is several orders of magnitude lower than predicted,
suggesting the concentration of at least one species is much lower.
One possibility is that Br2 could be intercalating into the graphite in
the CFE; however, this is highly unlikely because the electrochemical
intercalation of Br2 into graphite only occurs at very high overpoten-
tials and very high reaction rates, which drive the local concentration
of Br2 near the graphite surface to extremely high values.27,28 These
conditions are not met in our high surface area CFE. The most likely
cause is the complexation of Br2(aq) into polyhalide BrX

−(aq) (where
X = 3, 5, 7, etc.).18,29,30

The complexed Br2 was accounted for by assuming Br3
− was the

only complex. The bromine species were assumed to be in equilibrium
because the relaxation time of the equilibrium reaction is on the order
of nanoseconds.30 At first, it was assumed the value of the equilibrium
constant did not change with depth of charge/discharge. Equation 4
was still used to calculate the Zn2+ concentration. The concentrations
of the bromine species were calculated using the following set of
equations:

dcBr2,tot

dt
= I

2FεVC F E
[5]

cBr2,tot = cBr2 + cBr−
3

[6]

2c0 = cBr− + 2cBr2 + 3cBr−
3

[7]

Keq =
cBr−

3

cBr− cBr2

[8]

Note that higher order complexes likely exist in solution and could
be included in the model by expanding Equations 6 and 7 and in-
cluding an equilibrium equation for each additional species, which
would resemble Equation 8. These species were not included in the
present model to minimize the amount of fitted parameters to a single
equilibrium constant (Keq).

The results of the open circuit voltage calculation with complexed
Br2 are shown as solid, red lines in Figure 6. Keq was set equal to
35 M−1 in order to provide a best fit with the data at all rates. This
value is similar to the equilibrium constant of Br2 in pure water, where
reported values have ranged from 17 to 50 M−1.29,30 At high capacities,
where bromine is at higher concentrations, Equations 3–8 produce a
very good fit to the experimental data. At low capacities, where Br2

concentrations are expected to be low, the new set of equations still
overestimates the open circuit potential.

An explanation for this discrepancy could be that the equilibrium
constant of the bromine complexes also depends on the local concen-
trations of the bromine species. This would suggest that Br2 is more
likely to form complexes at low concentrations in the electrolyte. To
test this hypothesis, we altered the equilibrium constant using the
following empirical equation:

Keq = K1exp

(
K2

cBr2,tot

)
[9]

The dashed, red line in Figure 6 represents the results of the open
circuit voltage calculations using Equations 4 to 9, where K1 and K2

in Eq. 9 are equal to 35 M−1 and 0.15 M, respectively. This expression
yields good agreement with experimental data at all rates, further indi-
cating that Br2 exists as polyhalides in solution. Note that simulations
of the open circuit voltage were also conducted using Equations 3–8
(with a constant Keq) and adding an additional equilibrium equation to
account for the formation of Br5

− based on the following mechanism:

Br2 + Br−
3

⇀↽ Br−
5 [10]

Figure 7. Concentration of a) free and b) complexed bromine in the CFE as
calculated from Equations 4 to 9. Data in the figure was used to produce the
dashed, red line in Figure 6.

Inclusion of this species did not improve agreement in the open circuit
voltage for a wide range of equilibrium constants. Therefore, the result
was not included in the figure.

The results in Figure 6 indicate most of the Br2 exists in a com-
plexed form. For instance, Figure 7 provides the calculated concentra-
tions of a) free and b) complexed Br2(aq) that were used to generate
the dashed, red lines in Figure 6. This data provides a reasonable
estimate of the orders of magnitude of the concentrations of bromine
species needed to fit the experimental open circuit voltage data. The
results suggest that the amount of complexed Br2 in the electrolyte
is over 60× higher than free Br2. This negatively impacts the energy
density of the cell by lowering the open circuit voltage at all states of
charge.

Note that the data in Figure 7 was calculated assuming only Br3
−

was present; however, higher order species (Br5
−, Br7

−, etc.) likely
exist. Addition of these species would increase the complexity of the
present model without changing the general conclusion that complex-
ing Br2 is negatively impacting the open circuit voltage. For future
models, inclusion of these higher order species may be important, es-
pecially in studies seeking to characterize the reaction kinetics since
the relative proportion of the bromine species (and the rates of disso-
ciation back into Br2) likely have a strong impact on the kinetics of
the reduction reaction.

Electrochemical impedance spectroscopy (EIS).—Electrochem-
ical impedance spectroscopy was run on the cell to better understand
the causes of the IR resistance at each electrode obtained during GITT.
The resulting Nyquist plots are shown in Figure 8 during a) charging
and b) discharging of the cell at a 20 mA rate. In Fig. 8a, the capacities
indicate the amount of charge passed during charge, with 10 mAh and
80 mAh corresponding to the beginning and end of charge, respec-
tively. In Fig. 8b, the capacities indicate the amount of charge passed
during discharge.

For each set of data in the Nyquist plots, the real impedance value
at the start of the semicircle corresponds to the ohmic resistance
between the reference and positive/negative electrode. The diameter of
the semicircle corresponds to the charge transfer resistance associated
with the reactions at the electrode. Obvious trends are observed in the
resistances at both electrodes during charging and discharging.

To more accurately quantify these trends, the semi-circular region
of the EIS data was fit to a Randles equivalent circuit.31 The diffusive
portion at low frequencies are ignored in the fit because the objective of
this experiment is to quantify the ohmic and charge transfer resistances
in the cell. A schematic of the circuit and the resistances obtained from
the fit at each electrode are shown in Figure 9a. The fitted curves are
also shown overlaid on top of the experimental data in Figure 8. At the
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Figure 8. Nyquist plots from electrochemical impedance spectroscopy taken
at various capacities during a) charging and b) discharging at a 20 mA rate.
Green and red datasets correspond to start and end of charge/discharge, re-
spectively. Circles are experimental data while lines are fits of semi-circular
region to Randles circuit (see Figure 9 for description).

positive electrode, slight deviations between the fit and experimental
data can be attributed to the simplification of the Randles circuit,
which does not account for variations in reaction distribution and
related ionic resistances associated with the thick CFE. At the negative
electrode, deviations can be attributed to the influence of the hydrogen
evolution reaction. Even with these deviations, conclusions about the
relative importance of the resistances at each electrode remain valid.
The results indicate that the ohmic resistances in the cell are more
problematic than the charge transfer resistance. For instance, the black
diamonds in the figure indicate that the resistance associated with the
Br2/Br− reaction (RCT,pos) is less than 0.5 � during the entire cycle.
The low RCT,pos can be attributed to the high surface area of the CFE.

In addition, the red squares indicate that, except at low states
of charge (start of charge and end of discharge), the charge transfer
resistance associated with the Zn/Zn2+ reaction (RCT,neg) is much lower
than the ohmic resistances in the cell. The relatively high RCT,neg at
the low states of charge are attributed to a lack of zinc on the carbon
cloth electrodes. This is especially noticeable at the end of discharge
where RCT,neg rapidly increases due to a lack of zinc for oxidation. The
amount of zinc on the electrode is likely also responsible for the slight
decrease in the ohmic resistance at the negative electrode (R� ,neg)
during higher states of charge (circles in Fig. 9a). For most of the
cycle, R� ,neg is high relative to RCT due to the ohmic drop associated
with the carbon cloth current collector.

The main takeaway from Figure 9a is that the ohmic resistance
measured between the positive and reference electrode (R� ,pos) is the
most problematic for cell performance. Referring back to Figure 1, this
ohmic resistance is comprised of four parts: i) the electronic resistance
of the carbon cloth current collector, ii) the contact resistance between
the CFE and current collector, iii) the resistance in the CFE, and iv)
the ionic resistance between the electrodes. The deconvolution of
the positive electrode resistance into these components is shown in
Figure 9b.

To determine the contributions from each component, first, the
current collector resistance (RCC) was measured using a Fluke 83
Multimeter. Next, the electrolyte resistance (Relec) was determined
using the following equation:

Relec = ρL

A
[11]

where L is the average distance between the electrodes (1.5 cm), A
is the cross sectional area of the negative electrode (4.5 cm2), and
ρ is the resistivity of the electrolyte obtained from Ref. 20, which

Figure 9. a) Results of fitting Nyquist plots in Figure 8 to a Randles circuit.
R� and RCT refer to the ohmic and charge transfer resistance, respectively. b)
Breakdown of the ohmic resistance measured between the positive electrode
and the reference electrode. RCC is the current collector resistance. Relec is the
resistance in the electrolyte between the CFE and the negative electrode. RCFE
is the resistance within the CFE. Rcontact is the contact resistance between the
CFE and the current collector.

was adjusted based on variations in the electrolyte concentration. The
CFE and contact resistance could not be decoupled, but their combined
contribution, which was minimal, was determined as follows:

RC F E + Rcontact = R�,pos − RCC − Relec [12]

The results indicate that the ohmic resistance in the electrolyte and
current collector are the major causes of the high positive electrode
resistance.

Summary of results.—A summary of the voltage losses in the cell
at all four rates during discharge can be found in Figure 10. All the
voltage losses were obtained from the GITT and EIS measurements
above. The charge transfer and ohmic resistances obtained from the
EIS experiments at 20 mA were used to estimate the voltage loss at the
other rates. To accomplish this, it was assumed that these resistances
were a function of the remaining discharge capacity in the cell, and
the values at 5, 10, and 15 mA were interpolated from the 20 mA
data. The only resistance where this method could produce noticeable
errors is RCT,neg, as the morphology of the zinc structure likely de-
pends on charge/discharge rate. However, this method still provides a
reasonable estimation of the overall contribution of RCT,neg to the cell
loss.

In the figure, the red bars at the bottom represent the voltage
loss due to complexing of the Br2. This was calculated by taking the
difference between the theoretical OCV calculated using Equations
3–4 (green lines in Fig. 6) and the experimental OCV (data points in
Fig. 6). Unlike the other sources of voltage loss, this value indirectly
impacts the energy efficiency because it shifts both the charge and
discharge voltage downward. The other sources of voltage loss directly
impact the energy efficiency because they increase the separation
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Figure 10. Summary of the voltage losses during discharge obtained from GITT and EIS analysis. Description from bottom to top: i) open circuit voltage (OCV)
loss due to bromine complexation, ii) positive current collector resistance, iii) negative current collector resistance, iv) electrolyte resistance, v) negative electrode
charge transfer resistance, vi) mass transport voltage loss, vii) positive electrode charge transfer resistance, and viii) resistance in CFE. Ionic resistance in the CFE
was the only resistance not included because it could not be determined with the above experiments (see discussion).

between the charge and discharge curves. Among these sources, ohmic
resistance in the current collectors and electrolyte - orange, yellow,
and green (color online) - are the main factors reducing the efficiency
of the cell. Combined, these three factors account for 47 to 72%,
64 to 78%, 60 to 84%, and 54 to 86% of the resistive voltage loss
(OCV losses not included) during discharge at 5, 10, 15, and 20
mA, respectively. The only other major factor is the charge transfer
resistance in the negative electrode near the end of discharge when
there is minimal zinc on the carbon cloth electrode. In addition to the
values reported herein, there is an electrolyte resistance within the
CFE that could not be determined from the above experiments. The
total contribution of this resistance to the voltage loss will depend
on the reaction distribution within the CFE, which can be accurately
determined with numerical simulations using porous electrode theory.
This additional resistance will increase the voltage loss due to ohmic
resistance, further reinforcing the conclusion that ohmic losses are
one of the main issues in the cell.

Conclusions

The voltage loss in the minimal architecture zinc-bromine battery
mainly arises from the ohmic resistances in the carbon cloth current
collectors and within the electrolyte between the electrodes. Mass
transport resistance associated with diffusion of the active species
away from the electrode surface and charge transfer resistance associ-
ated with the reactions are not major causes of voltage loss for most of
the discharge process. One exception is at low states of charge (start
of charge and end of discharge) where the charge transfer resistance at
the negative electrode has a similar magnitude to the ohmic resistances
due to a lack of zinc metal on the carbon cloth electrode.

In addition, the open circuit voltage of the cell was shown to
decrease at all states of charge due to the complexing of Br2 into
BrX

−. This complexing negatively impacts the energy density of the

cell. It was suggested that a larger fraction of Br2 was complexed at
lower total concentrations of Br2 in the cell.
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