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Introduction 
Cross-over of vanadium ions in vanadium redox 
flow battery (VRFB) leads to electrolytes 
imbalance and self-discharge of the battery. 
Since the state-of-art membranes are not ideally 
selective, battery manufacturers are forced to 
employ thick membranes, increasing ohmic 
losses and costs. Therefore, to improve the 
competitiveness of the technology, low-cost 
separators with good conductivity and high 
selectivity must be developed.  
The solution proposed in this work is an additional 
selective layer, termed as a barrier, deposited on 
a commercial cation exchange membrane. As 
described in the patent application WO 
2019/197917, the barrier is a porous component 
with properly designed morphology to improve 
vanadium/proton selectivity. The selectivity will 
be mainly provided by the barrier, enabling thus 
the use of thin membranes to reduce costs and 
ohmic losses.    

Barrier manufacturing 
The barriers were manufactured by University of 
Connecticut through Reactive Spray Deposition 
Technique (RSDT), an unique flame-based 
synthesis technique [1], and directly deposited on 
the membranes to form a layer of 2 µm thickness. 
The flame of the RSDT formed carbon-rich 
particles which were deposited onto the 
membrane simultaneously with a mixture of 
1100EW Nafion® and Vulcan® XC-72R with 
weight ratio 2:1.  

Experimental 
Cross-section samples of the barrier were 
imaged with TEM in brightfield (BF) and hard 
angle annular darkfield (HAADF) imaging mode 
to analyse the morphology of the barrier. 
The barriers were deposited on Nafion® N212 
membranes (50 µm thick) and applied in a VRFB 
to assess their influence on the performance of 
the battery compared to Nafion® N115 membrane 
(127 µm thick) as reference. The cell active area 
was 25 cm2 with Sigracet® 39AA as electrodes 
and interdigitated flow fields. A through-plate 
reference electrode was applied at both sides of 

the cell to monitor the State of Charge (SoC) of 
the two electrolytes by measuring the open-circuit 
potentials of the two electrodes [2].  
Electrochemical impedance spectroscopies (EIS) 
were performed to measure the high frequency 
resistance (HFR) of the membranes.  
Two types of charge-discharge cycles were 
performed. In both tests, after each charge and 
discharge the open-circuit voltage (OCV) of the 
battery and open-circuit potentials (OPC) of the 
electrodes were measured for 90 s to monitor the 
electrolyte imbalance during cycling. The first 
type of cycles consisted in 40 cycles with the 
same imposed capacity during charge and 
discharge (3750 C): in this way any variation of 
battery and electrolytes SoC is due to vanadium 
cross-over. The charge current density was 40 
mA cm-2, while discharge current density was 100 
mA cm-2 for the first 25 cycles, 50 mA cm-2 for the 
remaining 15 cycles.  
The second type of cycling test consisted in 250 
cycles at constant current (50 mA cm-2) with cut-
off voltages set at 1.65 V and 1 V. At the end of 
the 250th cycle electrodes were substituted with 
new ones to decouple the effect on battery 
performance of electrode degradation and 
electrolyte imbalance due to cross-over.  
Electrolytes were solutions of 1 M vanadium ions 
and 5 M of sulphuric acid.  The volumes were 100 
mL for the first type of cycles, 50 mL for the 
second one. 
Further details on barrier fabrication and 
experimental procedure can be found in 
Cecchetti et al. [3].  

Results and discussion 
TEM images in BF mode of barrier cross-section 
proved that the layer average thickness is 2 µm. 
Figure 1 shows the HAADF TEM image of barrier 
cross-section. The white spots in Figure 1 are 
carbon particles of two different sizes, organized 
in clusters. The larger carbon particles are 
Vulcan® nanoparticles with a diameter of roughly 
40 nm. The smaller carbon particles are the 
carbon-rich particles formed in the RSDT flame; 
their diameter is approximately 10 nm. 
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Figure 2: HAADF TEM image of barrier layer cross-
section [3]. 

The unique morphology of the barrier layer shown 
in Figure 1 creates a tortuous path for the 
transport of vanadium ions through the 
membrane, improving thus its vanadium/proton 
selectivity. 

 

Figure 3: Battery OCV and SoC during charge-
discharge cycles at imposed capacity [3]. 

 

As shown in Figure 2, the battery employing the 
barrier reduced the self-discharge of the battery 
with respect to the reference cell with the 2.5 
times thicker N115. The variation of battery SoC 
between the first and last cycles reduced from 
21% to 7% (from 24% to 9% and from 16% to 5% 
for positive and negative electrolytes 
respectively). 
Figure 3 depicts the discharge capacity during

 cycles with fixed cut-off voltage. The capacity 
reduced during the first 250 cycles due to cross-
over and electrode degradation. The battery 
employing the barrier showed the lower capacity 
reduction. After the electrode substitution at the 
250th cycle the discharged capacity of the battery 
with the barrier was restored to 91% of its initial 
value, while the reference battery recovered only 
to 54%. The coulombic efficiency with the barrier 
was 99.4%, almost 1% higher than N115; while 
energy efficiency was 82% at the first cycle, 2% 
lower than N115 due to a slightly higher HFR (450 
mΩ cm2 vs 425 mΩ cm2). The contribution of the 
barrier layer to the HFR was estimated to be 
around 200 mΩ cm2. However, at the 250th cycle 
the efficiency of the barrier was 73%, 2% higher 
than N115 due to a less imbalanced operation.  

 
Figure 4: Discharge capacity during cycles with fixed 

cut-off voltages [3]. 

Finally, it was estimated that employing N212 
with the barrier can reduce by nearly 30% the 
total cost of a VRFB stack compared to N115. 
Currently ongoing activities on barriers coupled to 
25 µm thick membranes to reduce ohmic losses 
and costs showed promising preliminary results.  
 
Conclusions 
The barrier layer presented in this work proved its 
ability to improve membrane selectivity, reducing 
electrolyte imbalance and capacity depletion due 
to cross-over without significantly affecting 
battery efficiency.  
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