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ABSTRACT: Synchrotron-based in situ X-ray near-edge
absorption spectroscopy (XANES) has been used to study
the valence state evolution of the vanadium ion for both the
catholyte and anolyte in all-vanadium redox flow batteries
(VRB) under realistic cycling conditions. The results indicate
that, when using the widely used charge—discharge profile
during the first charge process (charging the VRB cell to 1.65
V under a constant current mode), the vanadium ion valence
did not reach V(V) in the catholyte and did not reach V(II) in
the anolyte. Consequently, the state of charge (SOC) for the
VRB cell was only 82%, far below the desired 100% SOC.
Thus, such incompletely charged mix electrolytes results in not
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only wasting the electrolytes but also decreasing the cell performance in the following cycles. On the basis of our study, we
proposed a new charge—discharge profile (first charged at a constant current mode up to 1.65 V and then continuously charged
at a constant voltage mode until the capacity was close to the theoretical value) for the first charge process that achieved 100%
SOC after the initial charge process. Utilizing this new charge—discharge profile, the theoretical charge capacity and the full
utilization of electrolytes has been achieved, thus having a significant impact on the cost reduction of the electrolytes in VRB.
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1. INTRODUCTION

Redox flow batteries (RFBs) have been considered as one of
the most promising technologies for large-scale intermittently
renewable energy storage due to its high storage capacity,
separate storage for energy and power, flexible design, and long
cycle life.”* A typical RFB cell consists of two electrodes
separated by an ion-conducting membrane and two electrolyte
reservoirs which circulate electrolyte solutions on each
electrode.l’s_éTypically, when the RFB is charging, energy is
stored; consequently, ions are reduced at the anode while ions
are oxidized on the cathode in the RFB cell. Hence, there are
always two electrolyte solutions comprising the different redox
couples in the RFB system. Among different types of RFBs, the
all-vanadium redox flow battery (VRB) displays excellent
electrochemical activity and reversibility.°™'" Unlike other
redox flow batteries, a VRB uses the VO**/VO," redox couple
in the positive half-cell and the V**/V** redox couple in the
negative half-cell as shown in the following (charge process):'"

Cathode:
VO*™ + H,0 —» VO," + 2H" + ¢~ E° = 099V (vs.SHE)

(1)
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Anode:

V4 e > Vv E® = —026V(vs.SHE) ()
Overall reaction:

VO** + H,0 + V** - vO,* + 2H" + V**  E° =125V (3)

Using the redox couples in both catholyte and anolyte can
significantly eliminate the cross-contamination effect from
different metals between the electrolytes through the
membrane and thus reduce the self-discharge of battery. So
until now, the VRB has the most promising potential for
commercialization”'* compared to other flow batteries.
However, the high cost of electrolytes and membranes still
hinders its commercialization. In terms of the electrolytes, the
most widely used vanadium material to prepare electrolytes is
either VOSO, or V,0.. In order to reduce the cost of the
electrolyte, different amounts of vanadium material with
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organic or inorganic additives have been studied to improve
solubility and stability of the electrolyte solutions."*'* In
addition, increasing the utilization of electrolytes is also an
effective way to reduce the cost of electrolytes. The state of
charge (SOC) of VRB depends on the oxidation state of the
ions in the electrolyte. The accurate determination of the SOC
at different oxidation states of ions is critical for the utilization
of the electrolyte. However, until now, there have been no
reports on the in situ investigation of the relationship between
the SOC and the valence state of the electrolytes. Meanwhile,
the utilization of the initial electrolytes is still unclear due to
both the difficulty of monitoring the SOC and to the limited
characterization methods resulting from the poor stability of
the vanadium ions exposed to air (ie, V*' ions are easily
oxidized into V** in the air'®). In order to develop new
electrolyte solutions for the next generation of VRB with lower
cost, higher energy density, and longer cycle life, an in-depth
understanding of the relationship between the oxidation state/
local structure changes of the electrolytes and the
electrochemical performance is critical. Therefore, in situ
spectroscopic techniques are needed to monitor and study
the local structure changes of the electrolytes during
electrochemical cycling. Synchrotron radiation-based X-ray
adsorption spectroscopy (XAS) is very informative when used
to probe the environment around atoms of all states of
matter.'® The X-ray absorption near-edge structure (XANES) is
especially powerful to determine the average oxidation state
and local symmetry of the elements in all phases. With these
considerations in mind, we carried out in situ XANES
measurements during the cycling of a VRB single cell. To the
best of our knowledge, this is the first report to use the in situ
synchrotron techniques to study the redox flow battery. Here,
we report our work on investigating the valence state changes
of vanadium ions that occur in both the anolyte and the
catholyte of the VRB during the initial charge/discharge
process using in situ synchrotron XANES techniques. This
advanced technique provides a nonintrusive, real-time
monitoring of the changes that occur within the electrolytes
under real operating conditions.

2. EXPERIMENTAL SECTION

2.1. Electrolyte and VRB. The all-vanadium electrolyte for both
sides was initially made by dissolving 1.5 M VOSO, in a 2.0 M sulfuric
acid solution. The homemade VRB single cells were used for this
experiment as it can be seen in Figure S1, Supporting Information. For
the batteries, conductive plastic plates served as the current collectors,
carbon felt served as the electrodes, and a Nafion 112 membrane
served as the separator. The active area of the electrode was 28 cm?.
The detailed description about the flow battery setup has been shown
in the Supporting Information. To avoid overcharging the catholyte in
the positive side, the volume of the catholyte was initially 160 mL,
which was twice that of the anolyte (80 mL). After the first charge
process, half of the catholyte solution was removed from the reservoir,
making the volumes of both sides equal.

2.2. In Situ XANES Characterization during Electrochemical
Cycling. A VRB single cell was cycled and in situ characterized under a
new charge/discharge profile. The experiment setup for the in situ
XANES study is shown in Figure la, and a scheme on this setup has
been shown in Figure 1b for an easier understanding. The VRB single
cell was placed on the stage of the beamline. Both the positive tank
and negative tank are connected to the VRB single cell with the
chemical resistant PVC tubes, among which there exist a small fraction
of kapton tubes for X-rays. The X-ray beam was penetrating through
the kapton tube from one side to the other side, and XANES patterns
were collected. The VRB single cell was charged at a constant current
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Figure 1. (a)The digital photo and (b) the scheme of the experiment
setup for in situ synchrotron XANES experiment on all VRB flow
batteries.

density (60 mA-cm™) up to 1.65 V (the same as the conventional
profile) and, then, was continuously charged at a constant voltage of
1.65 V until the capacity was close to the theoretical value (3216.6
mAh for an 80 mL electrolyte), which is regarded as a 100% state of
charge (SOC). Then, the cell was discharged at a constant current
mode (60 mA-cm™2) until the voltage reached 0.75 V. In situ XANES
characterization was performed at the K-edge of the vanadium to
monitor the change of the valence state of vanadium ions in both the
anolyte and the catholyte. The XANES measurements were carried out
in fluorescence mode at the beamline 20-BM of Advanced Photon
Source, Argonne National Laboratory, using a Si (111) mono-
chromator. Energy calibration was performed using the first derivative
point of the XANES spectrum for V (K-edge = 5463.76 €V). The
energy calibration was monitored for each in situ spectrum using
vanadium metal foil in the reference channel. The spectra data were
collected every 6 min. The XANES data reduction and analysis
followed standard methods using the ATHENA software package."”

3. RESULTS AND DISCUSSION

The 1.5 M VOSO, in a 2.0 M sulfuric acid solution was initially
placed in both the anolyte and the catholyte. In order to
construct the redox couples for VRB, the initial VO** ions in
the anolyte needed to be converted into V** ions, while the
initial VO?* ions in the catholyte needed to be changed to VO,*
ions; then, the VRB cell was in a fully charged state, namely,
100% SOC. Hence, the first charge process of the VRB
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involved the reduction of VO?* into V>* ions on the anode side
and the oxidation of VO** into VO," ions on the cathode side
according to the following:

Anode side:

2HY 4+ VO™ + 2¢7 —» V** + H,0 (4)
Cathode side:

VO™ 4+ H,0 —» VO," + 2H" + ¢~ (5)

Note that the anode side reduction (4) needs 2 electrons: 2
times the electrons needed on the cathode side (5). It was
expected that the oxidation state of vanadium would be
gradually reduced from +4 to +2 on the anode side, while being
increased from +4 to +5 on the cathode side when the first
charge process proceeded, and at the end of the charge process,
all of the vanadium on the anode side should be in the +2
valence state, and the vanadium on the cathode side should all
be in the +5 valence state. The current widely used method for
converting V(IV) to V(V) and V(II) is to charge the VRB cell
at a constant current mode to 1.65 V, regarded as the
completion of the conversion”'®'? (we refer to this as the
conventional charge profile). The choice of 1.65 V is based on
the consideration of potentials of each electrode, the IR drop
from the current flowing through the electrolyte, the contact
resistance, and the limitation of the water -electrolysis.
Presumably, at 1.65 V, all V(IV) ions completely convert to
V(V) ions and to V(II) ions, respectively. To investigate
whether the completion is achieved, in this work, the VRB cell
first was charged at a constant current mode to 1.65 V and,
then, continued to charge at a constant voltage (ie., 1.65 V)
mode until the total Coulombs (required for reduction and
oxidation) were achieved (we refer to this as the new charge
profile).

3.1. In Situ XANES Study. 2D contour plots of XANES
spectra for both anolyte and catholyte have been presented in
Figure 2 to better illustrate the XANES spectra evolution
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Figure 2. 2D contour plot of vanadium K-edge XANES spectra during
the st charge/discharge process: (a) negative side, (b) positive side,
and (c) voltage profile during the 1st charge/discharge process.

during the first charge process. In addition, the VRB voltage
profile in the first charge/discharge process is displayed in the
middle of the XANES spectra (Figure 2c). Obviously, the
electrochemical process for both sides is well correlated with
the evolution of the XANES data. For example, the inflection
point observed in the contour plot of the XANES data
coincides well with the critical point in the fully charged state
around 240 min. The precipitous voltage drop from 1.65 V

around 240 min corresponds to the beginning of the first
discharge process.

The spectra of vanadium XANES during the first charge
process is shown in Figure 3a,b. During the first charge process,
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Figure 3. Typical vanadium XANES spectra show the evolution during
the first charge process: (a) positive side; (b) negative side. (c) The
vanadium valence evolution as the charging time. The data point for
each side was recorded every 12 min. For the positive side: Data No.
“17” (204 min); Data No. “20” (240 min). For negative side: Data No.
“17” (198 min); Data No. “20” (234 min).

the electrolytes were charged under a constant current mode
until the cell voltage reached 1.65 V and then were
continuously charged under the constant voltage (ie., 1.65
V) until the total Coulombs required for converting all V(IV)
to V(V) (reaction S) and all V(IV) to V(II) (reaction 4),
respectively, were reached. Consequently, in the positive half-
cell, the K-edge of the vanadium continuously shifted toward
the higher binding energy. This shift is indicative of an increase
in the average valence state of vanadium ions in the electrolyte
(Figure 3a). The K-edge of the vanadium shifted back to the
lower binding energy during the discharge process, which
indicates a decrease in the average valence state of vanadium in
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the electrolyte (Figure S2, Supporting Information). Mean-
while, in the negative half-cell, the K-edge of vanadium
continuously shifted toward lower binding energy during the
charge process (Figure 3b), while it shifted back during the
discharge process (Figure S2, Supporting Information). In
addition to the K-edge, there are other important features in
the XANES region: the pre-edge (labeled 1 in Figure 3) and the
edge resonance (labeled 2 in Figure 3), which are also sensitive
to the effective oxidation state of the vanadium and the
chemical environment surrounding the vanadium site.”® In the
positive half-cell, the catholyte is typified by a strong 1s — 3d
pre-edge absorption. In the strong acid solution, both V(V) and
V(IV) exist in the hydrated form, which is a typical coordinated
octahedral structure coordinated with related oxygen atoms and
complex water molecules.”' Since the intensity and position of
the pre-edge is directly correlated to the distortion of the
coordinated octahedral structure,* during the charge process,
the pre-edge peak was observed to increase in the intensity and
to shift toward higher energy (Figure 3a). In the negative half-
cell, initially, the anolyte was charged from V(IV) to V(IL), so
the intensity of the pre-edge will continue to decrease as seen in
Figure 3b. Theoretically, the strength of the pre-edge is found
to be strongly dependent on the size of the “molecular cage”
defined by the nearest neighbor ligands coordinating to the
vanadium center. Consequently, unlike the VO**/VO,* redox
couple, the V**/V** redox couple has a very weak pre-edge
absorption. During the discharge process, both the intensity
and position of the pre-edge in VO**/VO," and the V**/V?*
redox couples (Figure S2, Supporting Information) showed a
reversible change. A similar behavior of pre-edge evolution has
been observed in crystalline V,05 and V,O; xerogel during the
lithium insertion/deinsertion process.”> > In the XANES
region, the intensity and shape of the edge resonance was
found to be strongly related to the symmetry of the
coordinating atoms surrounding the vanadium sites. This effect
will be discussed in a separate publication in the near future.
However, the reversible changes in intensity and position of
edge resonance have also been observed for both the negative
side and the positive side, which strongly confirms the local
structure reversibility of the electrolyte.

The vanadium valence of electrolytes at different states of
charge can be determined using a linear combination fitting by
selecting XANES spectra of the starting materials and the end
products.'® The spectra were well fitted, with details of the
standards selection procedure, and an example of a good fit was
plotted and is discussed in Figures S3—SS, Supporting
Information. To better illustrate the vanadium valence
evolution in the process of the first charge, the derived
vanadium valence from the XANES data in Figure 2a,c was
plotted against the different charge times in terms of time and is
shown in Figure 3c (time interval between two data numbers is
12 min). It is surprisingly noticed that the average valence of
the vanadium ion in the catholyte increased from +4.0 (Figure
3¢, 0 min/beginning of the first charge process) to +4.8 (Figure
3¢, data number 17/204 min, which corresponds to the time for
reaching 1.65 V, a threshold for completion of the first charge
process using the conventional charge profile). Meanwhile the
average valence of the vanadium ion in the anolyte decreased
from +4.0 (Figure 3c, 0 min) to +2.2 (Figure 3c, data number
17/198 min) at data point 17. These data reveal that the initial
VOSO, electrolyte was not fully charged to V(V) in the
positive half-cell and V(II) in the negative half-cell using the
conventional charging profile. From the perspective of the
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charge balance, it is clear that the increase in the average
valence state of the vanadium ions in the positive side requires a
decrease in the average valence state of the vanadium ions in
the negative side (the change of valence state of vanadium ion
in the negative side = 2X the change of valence state of
vanadium ion in the positive side because 1 electron is needed
on the cathode side, while 2 electrons are needed on the anode
side). The average valence of the vanadium ion in the catholyte
continues to change after data number 17 and becomes V(V),
while the average valence of the vanadium ion in the anolyte
becomes V(II) at data number 20, which corresponds to the
end of the charge process using the new charge profile. The
important finding from this work is that, clearly, the commonly
used charge—discharge profile during the first charge process
was not enough to completely convert all V(IV) to V(V) and to
V(II); hence, it did not lead to the full utilization of the
expensive electrolyte. Consequently, a mix of the charged
electrolyte of VO* and VO, was obtained and has significantly
impacted the cell performance as discussed below.

3.2. VRB Single-Cell Performance. To investigate the
impact of the first charge profiles on cell performance, two
different profiles of the VRB single cell performance after the
first charge were compared. The charge capacities of the VRB
single cells cycled under the same charge/discharge profile but
were charged under different profiles for the first charge and are
illustrated in Figure 4a. The charge capacity of the VRB single
cell based on the new profile in the second cycle (first working
cycle of a VRB cell) is 3255 mAh due to being slightly
overcharged, which is slightly higher than the theoretical value
(i.e, 3216.6 mAh for 80 mL electrolyte) and much higher than
that based on conventional profiles (i.e., 2903 mAh for 80 mL),
a 12% improvement. The difference of charge capacity between
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Figure 4. VRB single cell performance: (a) charge capacity and (b)
efficiency.
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the cells with new and conventional first charge profiles
increases with cycle number and reaches the maximum at about
20 cycles; then, the difference decreases with cycle number.
Such a behavior could be due to two factors: (1) ions crossing
over the membrane and (2) the amount of V(V) and V(II) on
each side. After the first charge using the new profile, the VRB
single cell began to cycle with complete V(V) on the cathode
side and complete V(II) on the anode side. This leads to a
lower ion crossover through the membrane®® and higher
electrolyte utilization and, consequently, a higher charge
capacity. On the other hand, due to the mixed charged
electrolytes resulting from using the conventional charge profile
in the first charge process, the VRB cell starts cycling with the
mixture of V(V) and V(IV) on the cathode side and V(II) and
V(III) on the anode side, which leads to higher crossover and
lower electrolyte utilization and, consequently, lower charge
capacity. At 20 cycles, the electrolytes on both sides of the
membrane reached the steady state, and the crossover was
stabilized; thus, the charge capacity difference reached the
maximum. After 20 cycles, the charge capacity became much
smaller than the previous cycles; hence, the capacity difference
became smaller with cycle number. The detailed mechanism of
this behavior is under investigation and will be reported
separately soon.

The VRB cells based on both profiles show obvious capacity
loss. This may be due to the crossover of the vanadium ions
and the self-discharge of the VRB cell. Further investigation of
the capacity loss mechanism is ongoing using in situ XANES
and in situ HEXRD and will be reported soon. The energy
efficiency (EE) of the VRB single cell based on the new profile
is slightly higher than that based on the conventional profile
(71.0% vs 67.8% for the first cycle) and is accompanied by a
slightly higher Coulombic efficiency (CE) (83.2% vs 77.4% for
the first cycle). Thus, the new profile not only increases the
capacity and energy but also increases the efficiency of the cell.
The Coulombic efficiency increased with cycle number for the
VRB single cells with both the first charge profiles. The
decrease of charge capacity with cycle number was due to the
use of the thin membrane (Nafion 212, 50 um) and the cell
structure,””*® while the self-discharge decreased much faster
because the self-discharge was caused by the ion crossover.
When the charge capacity was reduced, the corresponding time
for charging was reduced as well; thus, the amount of ions
crossing over the membrane during the period of charging were
reduced, as was the self-discharge. Hence, an apparent increase
in CE is observed. On the other hand, the high percentage of
VO,"/VO?* and V**/V** redox couples in both the positive and
the negative sides (after charging with the new profile)
improved the electrochemical activity and EE of the cell
There was a small increase of CE and no decrease of EE after
50 cycles, which indicates good stability for the VRB single cells
based on both profiles.

On the basis of our results, we demonstrated that, using the
conventional charge—discharge profile, the initial electrolyte
(1.5 M VOSO, in 2 M sulfuric acid solution) was not fully
oxidized to V(V) ions in the catholyte but was fully reduced to
V(II) ions in the anolyte, respectively, which resulted in a waste
of electrolytes and, consequently, lower SOC and lower cell
performance. In order to fully utilize the electrolyte, a new
charge—discharge profile during the first cycle was proposed.
This new profile effectively increased the utilization of
electrolytes to 100% and the initial cell capacity to the
theoretical value in the first VRB single cell cycle. In addition,

this study helps to better understand the correlation of
electrolytes and the performance of the VRB. The new
charge—discharge profile is an important step in reaching the
goal of reducing the cost of the VRB system to less than $400
per kilowatt-hour."

4. CONCLUSION

In summary, an in situ XANES technique has been used to
investigate the valence changes of vanadium ions during the
charge—discharge process in VRB cells for the first time. The
intrinsic SOC of the cell can be monitored from the valence
changes of the vanadium ions. The SOC obtained from the
conventional charge—discharge profile in the first charge
process is far from reaching 100%, which leads to the low
utilization of electrolytes and a significant decrease in the cell
performance in the following cycles. In this study, we designed
a new charge—discharge profile for the first charge process. A
VRB single cell reached a 100% SOC after being charged with
this new profile in the first charge process. This new profile
results in the increased utilization of electrolytes to 100% and
improved cell performance. These results indicate that a VRB
system cycling with an effective charge—discharge profile will be
cost-effective and commercial application of the VRB system
will be feasible in the near future. Furthermore, these results
can also provide insights to further investigate the mechanisms
in VRB systems using in situ XANES techniques and shed light
on a variety of issues in other flow battery systems or other air-
sensitive systems.
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