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h i g h l i g h t s
� The ICRFBs with the interdigitated and serpentine flow fields are investigated.
� The IFF design enhances species transport in the porous electrode.
� The IFF design enables more uniform catalyst distribution in the porous electrode.
� The energy efficiency of the ICRFB with the IFF reaches 80.7% at 320 mA cm�2.
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a b s t r a c t

The catalyst for the negative electrode of iron-chromium redox flow batteries (ICRFBs) is commonly
prepared by adding a small amount of Bi3þ ions in the electrolyte and synchronously electrodepositing
metallic particles onto the electrode surface at the beginning of charge process. Achieving a uniform
catalyst distribution in the porous electrode, which is closely related to the flow field design, is critically
important to improve the ICRFB performance. In this work, the effects of flow field designs on catalyst
electrodeposition and battery performance are investigated. It is found that compared to the serpentine
flow field (SFF) design, the interdigitated flow field (IFF) forces the electrolyte through the porous
electrode between the neighboring channels and enhances species transport during the processes of
both the catalyst electrodeposition and iron/chromium redox reactions, thus enabling a more uniform
catalyst distribution and higher mass transport limitation. It is further demonstrated that the energy
efficiency of the ICRFB with the IFF reaches 80.7% at a high current density (320 mA cm�2), which is 8.2%
higher than that of the ICRFB with the SFF. With such a high performance and intrinsically low-cost
active materials, the ICRFB with the IFF offers a great promise for large-scale energy storage.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Deployment of intermittent renewable energy sources such as
wind and solar energy has been increasing substantially, which
raises an urgent demand to develop the large-scale energy storage
devices for continuous and reliable power output [1e3]. The redox
flow battery (RFB) has attracted extensive interests as a promising
large-scale energy storage technology due to its unique advantages
including ease of scalability, long cycle life, intrinsic safety and high
efficiency [3]. In the past decades, various RFB systems have been
proposed and developed [3e16]. However, the current RFB
technologies still have not met the stringent cost and performance
requirements for the broad penetration of energy storage market.

The iron-chromium redox flow battery (ICRFB) utilizes the low-
cost and benign Fe(II)/Fe(III) and Cr(II)/Cr(III) redox couples in the
acid supporting medium as the catholyte and anolyte, respectively
[2,17]. The cost of chromium and iron active materials used in
ICRFBs is estimated to be as low as $17 kWh�1, which provides the
ICRFB a sufficient basis and great possibility to be a cost-effective
energy storage system [2,17,18].

Historically, the ICRFB adopts a flow-through cell structure, in
which the electrolyte is directly pumped through the porous
electrode [19]. To bypass high pump loss, the conventional ICRFBs
have thick electrodes (generally 3.0e6.0 mm) [20e22], leading to a
high ohmic resistance [23,24]. For this reason, the conventional
ICRFB is limited to a low operating current density of 80 mA cm�2,
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resulting in bulky and costly cell stacks [18,25]. Recently, an ICRFB
with the serpentine flow field (SFF) cell structure and carbon paper
electrodes enables a high operating current density of
200 mA cm�2, primarily due to a reduced ohmic loss [26].

In addition to the ohmic loss, the activation loss plays an
important role in the battery performance, which is closely asso-
ciated with the active surface area and electrochemical kinetics of
redox couples. The Fe(II)/Fe(III) redox couple has an excellent
electrochemical kinetics, and its kinetic constant is up to
8.6 � 10�2 cm s�1 on the oxidative pretreated pyrographite elec-
trode [27]. The kinetics of the Cr(II)/Cr(III) redox couple is slow on
most the carbonaceous electrodes, while the kinetic constant of
Cr(II)/Cr(III) redox couple on the electrodeposited Bi catalyst is as
high as 1.35 � 10�3 cm s�1 [28], which is generally comparable to
other redox couples reported in the literature [29]. Moreover, the Bi
catalyst has a high overpotential to suppress hydrogen evolution
during the reducing process of Cr(III) to Cr(II). However, the Bi
catalyst has a relatively lowoxidation potential (0.05 V vs. SHE), and
tends to be oxidized by air or ferric ions. To avoid this issue, the
typical method for catalyst preparation is to add a small amount of
Bi3þ ions in the electrolyte and synchronously electrodeposit the
metallic particles on the electrode at the beginning of charge pro-
cess [1,25,30]. During the in-situ electrodeposition process, the
flow field design has great influence on the mass transport and
concentration distribution of Bi3þ ions in the porous electrode, and
further affects the catalyst distribution, which influences the active
surface area and activation loss of the ICRFB. Previous studies have
involved the effects of flow field designs on the mass transport
characteristics in vanadium redox flow batteries (VRFBs)
[22,31e34]. Shohji Tsushima et al. found that the VRFB with the
interdigitated flow field (IFF) delivered a higher mass transport
limitation than that with the SFF due to the enhanced convection of
electrolyte in the electrodes [33]. In addition, other studies found
that the IFF design has lower pump loss than the SFF design does
[31,32].

Unlike the situations in VRFBs, the flow field designs in ICRFBs
not only influence the transport and distribution of redox-active
ions (Fe and Cr ions) in the porous electrode, but also affect the
activation loss, as the Bi catalyst distribution is susceptible to the
transport and concentration distribution of Bi3þ ions (mM level)
during the in-situ catalyst electrodeposition process. In this work,
the effects of flow field designs on the catalyst electrodeposition
process and battery performance are investigated. It is further
found that the energy efficiency of the ICRFB with the IFF reaches
Fig. 1. Schematic of the interdigitated fl
80.7% at a high operating current density of 320 mA cm�2, which is
8.2% higher than that of the ICRFB with the SFF.

2. Experimental

2.1. ICRFB setup

The lab-scale ICRFB with the IFF was designed and fabricated.
The carbon papers (SGL, 10AA, 0.4 mm thickness) were pretreated
in air at 500 �C for 5 h and served as the electrodes. Both the
negative and positive electrodes were made of two layers of carbon
papers with active area of 2.0 cm � 2.0 cm, which were separated
by the Nafion® NR-212 membrane. The polytetrafluoroethylene
gaskets with 0.5 mm thickness were used to give an electrode
compression ratio of approximately 40%. The IFFs with the channel
depth 1.5 mm, the channel width 1.0 mm and rib width 1.0 mm
were machined on the graphite plates. The gold-coated copper
current collectors were adjacent to the graphite plates, and were
clamped by the aluminum end plates. 20 mL mixed-reactant so-
lutions of 1.0 M FeCl2 (Aladdin)þ 1.0 M CrCl3 (Aladdin)þ 3.0 M HCl
(VWR) þ 0.005 M Bi3þ (Bi2O3: Aladdin) were used as both the
anolyte and catholyte. The electrolytes were circulated in the
Norprene® #16 Chemical Tubing by a 2-channel peristaltic pump
(Longer pump, BT100-1F). The SFF design, one of the most widely
used flow field design in fuel cells and flow batteries [9,31,35e39],
was used for comparison. For the ICRFB with the SFF, the compo-
nents such as the channel, rib, electrode, gasket and membrane
were identical with the ICRFB with the IFF.

2.2. Test and characterization

The cell tests were conducted on Arbin BT2000 (Arbin® Instru-
ment). The cell and the electrolyte reservoirs were placed in a
temperature chamber at 65 �C. For the polarization test, the ICRFBs
were charged to approximately 50% state-of-charge (SOC) before
the tests. For each current density, the battery discharged for 20 s,
rested for 10 s, and charged at the same current density for 20 s to
keep the SOC constant during the polarization test. For the charge-
discharge tests, the charge cut-off voltage was 1.2 V to mitigate
hydrogen evolution, which could occur at the negative electrode
during the charge process, and the discharge cut-off voltage was
0.8 V. The flow rate of the electrolyte was 50 mL min�1. The cycle
test was conducted at 320 mA cm�2 and 65 �C, and 50 mL mixed-
reactant solutions of 1.0 M FeCl2 þ 1.0 M CrCl3 þ 3.0 M
ow field and serpentine flow field.



Fig. 2. SEM images and EDX mappings of (a) the electrodes near the current collector and (b) the electrode near the membrane in the ICRFBs with SFFs and IFFs.
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HCl þ 0.002 M Bi3þ were used as both the anolyte and catholyte.
The equivalent current density for feeding the initial electrolyte is
20.1 A cm�2. The electrodes were characterized by a scanning
electron microscope (JEOL-6300 SEM) and energy dispersive X-ray
spectrum (EDX). The internal resistance of ICRFBs and electro-
chemical impedance spectroscopy (EIS) were measured by a



Fig. 3. (a) EIS and (b) IR-free polarization curves of the ICRFBs with IFFs and SFFs.
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potentiostat (EG&G Princeton, model M2273) with a frequency
range from 100 kHz to 10 mHz.
Fig. 4. (a) Charge-discharge curves of the ICRFB with IFFs at various current densities;
(b) charge-discharge curves of the ICRFBs with IFFs and SFFs at 240 mA cm�2; and (c)
efficiencies of the ICRFBs with IFFs and SFFs.
3. Results and discussion

3.1. In-situ catalyst electrodeposition process

For the Cr(II)/Cr(III) redox reaction, catalysts such as Bi are
needed to accelerate the reaction rate and simultaneously suppress
the side reaction (hydrogen evolution). The Bi catalyst is electro-
deposited on the negative electrode from Bi3þ ions (5 mM) in the
electrolyte with a current density of 20 mA cm�2 at the beginning
of charge process. The flow rate of 50 mL min�1 initially provides a
stoichiometric Bi3þ flux of 301.6 mA cm�2 (equivalent current
density). The electrochemical reactions are as follows:

Positive electrode:

Fe2þ ��!charge
Fe3þ þ e� E0 ¼ þ0:77 V vs: SHE (1)

Negative electrode:

Bi3þ þ 3e�
��!charge

Bi E0 ¼ þ0:05 V vs: SHE (2)

After the catalyst electrodeposition, the Cr3þ ions at the negative
electrode are charged to Cr2þ ions due to the lower redox potential
(�0.41 V vs. SHE). If the catalyst is destroyed during the operation
process of the ICRFB, it can be easily restored by totally stripping
and then re-depositing [25].

The flow field serves to distribute active species across the entire
electrode, which greatly impacts on the transport of Bi3þ ions
during the catalyst electrodeposition process. In the ICRFBs, the
electrolytes are transported from the channels into the porous
electrodes by convection and diffusion. Due to the low diffusivity
and low concentration of Bi3þ ions, the Bi3þ ion flux driven by



Fig. 5. (a) Discharge cell voltage, (b) IR-free discharge cell voltage and (c) output power
density versus current density for the ICRFBs with IFFs and SFFs at various flow rates.

Fig. 6. The effect of the current density of catalyst electrodeposition on the battery
performance.

Fig. 7. Cycle performance of the ICRFB with IFFs at 320 mA cm�2.
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diffusion is quite limited. As shown in Fig. 1, the IFF design has non-
continuous flow channels and forces all the electrolyte through the
porous electrode between the neighboring inlet and outlet chan-
nels, thus providing strong forced convection. In the SFF design, the
porous electrode hydraulically parallels to the flow field, and
merely a portion of electrolyte flows through the porous electrode
as the under-rib convection causing by the pressure drop between
the two neighboring channels. Compared with the SFF design, the
IFF design generally provides higher pressure drop between the
two neighboring channels and stronger convective transport of
species in the porous electrode [40].

As shown in Fig. 2a, the electrode near the current collector of
the ICRFB with the IFF has a more uniform catalyst distribution
from the under-channel to under-rib regions, characterized by SEM
images and Bi element mappings. According to the EDX mappings
of Fig. 2a, the bismuth amount of the IFF based ICRFB is significantly
higher than that of the SFF based ICRFB at the under-rib region. The
result indicates that the ICRFB with IFFs has better mass transport
at the under-rib region of near-current-collector electrode
compared to the ICRFB with SFFs. Fig. 2b shows the under-channel
regions of the electrodes near the membrane. It is found that the
ICRFB with the SFF has extremely low catalyst loading on the
electrode near the membrane due to the limited mass transport.
According to the element analysis by EDXmapping, the atomic ratio
of Bi/C element is 1.006% for the near-membrane electrode of the
ICRFB with the IFF, while it is merely 0.031% for that of the ICRFB
with the SFF. Compared with the SFF design, the IFF design achieves
higher catalyst loading at the electrode near the membrane, which
is resulted by the stronger convection of the IFF design.

Fig. 3a shows the EIS of the ICRFBs with the IFF and SFF at the
open-circuit condition (50% SOC). The internal resistance of the
batteries are almost the same. The ICRFB with the IFF has signifi-
cantly smaller semicircle compared with that with the SFF, which
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indicates the ICRFB with the IFF has smaller activation loss. This
result is consistent with the IR-free charge-discharge polarization
curve shown in Fig. 3b. At the region of low current densities that
the mass transport loss is negligible, the ICRFB with the IFF shows
smaller polarizations, indicating that the ICRFB with the IFF has
smaller activation loss.

3.2. Charge-discharge performance

The charge-discharge performance of the ICRFB with the IFF is
shown in Fig. 4aeb. The coulombic efficiencies of the two ICRFBs
are almost identical. The voltage efficiency of the ICRFB with the IFF
is 95.2% at 80 mA cm�2, which is 2.8% higher than that of the ICRFB
with the SFF (92.4%). The voltage efficiency of the ICRFBwith the IFF
still remains 86.4% at 240 mA cm�2. As shown in Fig. 4b, at
240 mA cm�2, the discharge curve of the ICRFB with the IFF is
approximately 67 mV higher than that of the ICRFB with the SFF,
while the charge curve of the ICRFB with the IFF is 79 mV lower
than that of the ICRFB with the SFF. At a higher current density of
320 mA cm�2, the energy efficiency of the ICRFB with the IFF is
80.7%, significantly higher than that of the ICRFB with the SFF
(72.5%). Based on Figs. 3b and 5aeb, the polarization curves and IR-
free polarization curves of both the IFF and SFF based ICRFBs at
current densities of 80e320 mA cm�2 are almost linear, which in-
dicates that the mass transport loss is small within these current
densities. Therefore, we infer that the dominant reason for the
improved energy efficiency at 80e320 mA cm�2 is the more uni-
form catalyst distribution. At the identical energy efficiency of
approximately 80%, the operating current density of the ICRFB with
the IFF dramatically increases from 200 to 320 mA cm�2 compared
to the ICRFBwith the SFF. The higher current density means smaller
cell stacks and lower cost for the same power requirement.

In addition to the more uniform distribution of Bi catalyst, the
improved performance of the ICRFB with the IFF is also attributed
to the enhanced mass transport of active species in the porous
electrode, especially at high current densities (>600 mA cm�2).
According to the full-scale discharge polarization curves illustrated
in Fig. 5aeb, the ICRFB with the IFF has remarkably higher perfor-
mance compared to the ICRFB with the SFF, especially at high
current densities. At the same flow rate, the influence of mass
transport on the ICRFB with the IFF appears at higher current
densities compared to the ICRFB with the SFF, indicating that the
ICRFB with the IFF has smaller mass transport loss (higher mass
transport limitation). As illustrated in Fig. 5c, the peak power
density of the ICRFB with the IFF reaches 665 mW cm�2 at
50 mL min�1, 93% higher than that of the ICRFB with the SFF
(344 mW cm�2). With such a high power density, intrinsically low-
cost active materials and non-precious Bi catalyst, the ICRFB with
the IFF is expected to have strong competitiveness in the large-scale
energy storage field.

The current density of catalyst electrodeposition should have
influence on the catalyst electrodeposition and battery perfor-
mance. The ICRFBs with the IFF have been tested at electrodepo-
sition current densities of 5, 20 and 80 mA cm�2. Then the charge-
discharge tests are conducted at 320mA cm�2, and used to evaluate
the battery performance [41]. As shown in Fig. 6, the ICRFB with
20 mA cm�2 electrodeposition delivers the highest voltage effi-
ciency as well as the highest energy efficiency. This is because that
too high electrodeposition current density causes the uneven dis-
tribution of catalyst in the porous electrode. On the other hand,
with the electrodeposition current density decreasing, the over-
potential of the catalyst electrodeposition decreases, and the
number of the activated nucleation sites for catalyst growth de-
creases, which leads to the larger catalyst particle size and smaller
active catalytic surface [42].
3.3. Cycle performance

The stability of ICRFBs is of great significance for the practical
application. It is desirable that the battery canwork stably and have
a small capacity decay rate. The cycle test is conducted at
320 mA cm�2 and 65 �C with the voltage window of 0.8e1.2 V. The
50 mL electrolytes with a theoretical capacity of 1.34 Ah are used as
both positive and negative electrolytes. As presented in Fig. 7, the
voltage efficiency, coulombic efficiency and energy efficiency of the
ICRFB with the IFF are stable. The capacity decay rate is 0.5% per
cycle, significantly lower than that of the reported ICRFB [18]. The
decayed capacity can be recovered by the rebalancing process [25].

4. Conclusions

In summary, the effects of the flow field design on the catalyst
electrodeposition and battery performance are investigated, and
characterized by the SEM image and EDXmapping, EIS, polarization
curve, charge-discharge curve. With the forced convection of
electrolyte in the porous electrode, the IFF design enhances trans-
port of Bi3þ in the porous electrode during the catalyst electrode-
position, enables a more uniform catalyst distribution, and reduces
the activation loss compared with the SFF design. Moreover, the
ICRFB with the IFF exhibits higher mass transport limitation. It is
demonstrated that the ICRFB with the IFF achieves a high current
density of 320 mA cm�2 with the energy efficiency above 80%,
which renders the ICRFB outstanding competitiveness for large-
scale energy storage.
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