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H I G H L I G H T S  

• Bp-Na2Sx ORFB is studied by combining polarization and EIS. 
• Sodium/sodium ion RE is used for in-situ testing. 
• The total voltage loss of both the anode and cathode is measured. 
• Sources of voltage loss for both the cathode and anode are identified. 
• Bp and Na2Sx half-cells are kinetically limited.  
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A B S T R A C T   

Voltage losses during discharge have been quantitatively investigated in a coulombically balanced biphenyl (Bp)| 
sodium-polysulfide (Na2Sx) organic redox flow battery. The individual half-cell electrochemical impedance 
spectroscopy (EIS) response was studied using a flow cell with an in-situ sodium/sodium-ion reference electrode. 
The anode, consisting of Bp/Bp− couple, contributed approximately 58% of the total cell overpotential during 
discharge. Further investigation revealed that kinetic overpotential dominating both anode and cathode voltage 
losses during discharge. The EIS response for the sodium-polysulfide half-cell exhibits two semicircles at high and 
low frequencies. Since there is limited literature relating the high-frequency semicircle to a physical process, this 
work extends the investigation of cathode high-frequency EIS features using in-situ and ex-situ electrochemical 
diagnostic tools. The Bp Nyquist plot consisted of a single semi-circle due to its simpler redox reaction relative to 
the more complicated Na2Sx. Tafel analysis was used to calculate exchange current density values, with Bp 
having a lower exchange current density than Na2Sx. This finding explains the relatively higher Bp kinetic 
voltage loss as compared to Na2Sx.   

1. Introduction 

Due to the widespread implementation of intermittent renewable 
energy, demand for large-scale energy storage systems has increased. 
Redox flow batteries (RFBs) are promising candidates for large-scale 
energy storage applications, supporting a wide range of renewable en
ergy sources and improving grid stability [1–4]. One of their main ad
vantages is decoupling energy (electrolyte volume) and power (cell 
size), making them scalable and suitable for long-duration storage. RFBs 
can be sorted into two main classifications depending on the type of 

electrolyte and/or charge carriers used: aqueous and organic [5–7]. 
Aqueous RFBs use water-based electrolytes, typically consisting of a 

combination of metal ions and acids, such as vanadium, iron, and sul
furic acid. Despite the development of aqueous RFBs over the years, 
their large-scale implementation for utility energy storage has still not 
been fully realized, mainly because of their low voltage, low energy 
densities, and relatively low sustainability of materials [8]. For instance, 
vanadium redox flow batteries (VRFBs), which represent the most 
mature in aqueous RFBs class, have been demonstrated in several pro
jects [9]. But their low energy density (<25 Wh/L) is the main hindrance 
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in their widespread commercialization. Other than VRFBs, numerous 
aqueous RFBs configurations have also been investigated. These include 
zinc/bromine [10], all iron [11], and iron/chromium [12]. However, to 
achieve the goals for RFBs in terms of cost, energy density, and to enable 
their broad market penetration, extensive research in new electroactive 
materials is required. 

Organic redox flow batteries (ORFBs) have been proposed as an 
alternative to aqueous systems due to their wider voltage window, high 
energy density, abundant materials sources, and low cost [13]. These 
attributes of ORFBs make them attractive for overcoming challenges in 
grid energy storage. ORFBs utilize organic materials as electrolytes 
and/or charge carriers; they include organic charge carriers in aqueous 
electrolytes [14] or inorganic charge carriers in organic electrolytes [15] 
or can be in total organic combination, normally termed as all-organic 
RFBs [16]. The disadvantage of ORFBs is low power output due to 
their low ionic conductivity and mass transport limitations, especially in 
organic electrolyte system. 

Sodium (Na)-based ORFBs are promising due to sodium’s high sol
ubility in organic solvents, improving their ionic conductivity [13,17, 
18]. One example of Na-based batteries is Na-sulfur (S) batteries, which 
have been investigated extensively in past decades [19–21]. On the 
other hand, Na–S battery technology is hindered by low cycle life, high 
corrosion, and safety concerns because of dendrite formation from Na 
anode to S cathode, shorting both half cells. To solve these issues, Na 
metal anodes have been replaced by a liquid electrolyte consisting of 
biphenyl (Bp) dissolved in organic solvents, such as tetraethylene glycol 
dimethyl ether (TEGDME), Diglyme, or dimethyl ether (DME) [17,18]. 
In 2017, Yu et al. tested a Bp|Na2S8 battery in a closed cylindrical cell 
achieving energy density as high as 300 mAh/gNa2S8 (353 mAh/gs) and 
stable performance for over 700 cycles with limited data on flow cell. 
Self et al. [17] followed by focusing on Bp|Na2S8 in a flow cell config
uration. Their tests resulted in 200 mAh/gs capacity with 97% 
coulombic efficiency. Self et al. [17] achieved lower specific capacity 
since the polymerization states in that study were limited to soluble 
states compared to inclusion of insoluble states by Yu et al. [18]. They 
also showed that kinetic overpotential is a dominant source of over
potential in cathode with no information on anode. 

Although recent efforts to explore the electrochemical performance 
of Bp|Na2S8 ORFB are promising, limited information was presented on 
Bp’s in-situ performance compared to sodium-polysulfide (Na2Sx). 
Therefore, this work extends the research on Bp|Na2Sx ORFBs in the 
following ways: (a) quantifying both half-cell overpotentials for a 
coulombically-balanced Bp|Na2Sx ORFB using an in-situ reference 
electrode (RE) along with polarization curves, (b) utilizing electro
chemical impedance spectroscopy (EIS) to specify the dominant source 
of overpotential in both anode and cathode, and (c) understanding the 
high-frequency process of Na2Sx. 

The anode showed higher voltage loss contribution to full cell total 
loss, with kinetic overpotential dominating both half-cells. Cathode EIS 
investigation revealed a high frequency interfacial resistance between 
the organic liquid electrolyte and ceramic sodium-beta-alumina solid 
electrolyte (BASE). To the best of our knowledge, this report is the first 
to study the rate limiting loss of Bp as anode and calculate the relevant 
kinetic parameters using polarization and EIS as in-situ diagnostic tools. 
In addition, it contributes to a deeper understanding for processes taking 
place in the Na2Sx half-cell. 

2. Materials and methods 

2.1. Electrolyte preparation 

The solvent used in this study was TEGDME (99%, Sigma Aldrich), 
which was dried using sodium metal flakes and stored over 4 Å zeolite 
for several days before use [6]. The base electrolyte consisted of 1 molal 
(m) sodium triflate (NaOTf, 98%, Sigma Aldrich) dissolved in TEGDME. 
To prepare sodium polysulfide catholyte, sodium sulfide (Na2S) and 

sulfur (S) were mixed at 1:7 M ratio then dissolved in base electrolyte to 
get charged Na2S8 catholyte with dark red color. The anolyte was pre
pared by dissolving Bp (99.5%, Sigma Aldrich) in base electrolyte and 
adding excess Na metal flakes to reduce Bp to anion radical, resulting in 
a dark blue solution. Anolyte was stirred for several days to ensure 
complete reduction of Bp, then Na metal flakes were removed before 
adding anolyte to the cell’s reservoir. All solutions were stored and 
prepared in an argon-filled glovebox where oxygen and water concen
tration were kept below 0.1 ppm. 

2.2. Cell setup 

A bench scale single cell redox flow battery (shown in Fig. 1a–c) was 
assembled and cycled in an argon-filled glovebox. Two stainless-steel 
(304, McMaster-Carr) flow plates were machined in house with 
serpentine flow field (9 channels, 21 mm long, 1 mm wide, and 1 mm 
deep). Nickel foam (1.6 mm thick, MTI Corp) was used as the electrode 
for the anode half-cell and carbon felt (CF, SGL Carbon) for the cathode. 
Both electrodes were compressed by approximately 23% to reduce 
electronic contact resistance. BASE (40 × 40 × 1 mm, Ionotec Ltd.) was 
used as a separator with butyl rubber gaskets (1.45 mm thick, McMaster- 
Carr) to seal the cell along with a 1 mm polytetrafluoroethylene (PTFE) 
gasket around the BASE separator as a support against clamping pres
sure. Cell bolts were torqued down to 1.5 N-m. Electrodes and BASE 
geometric surface area were both 4.8 cm2. Both electrolytes were 
pumped into the cell using a single peristaltic pump head (Cole-Parmer) 
that accepted two lines. Chem-Durance (Cole-Parmer) tubing was used 
in the 

Pump head along with Teflon perfluoroalkoxy alkane (PFA) tubing 
(McMaster) with polypropylene fittings. Note that for biphenyl, the PFA 
tubing used to connect the cell to the pump head tubing was stable for 
short testing periods. PFA tubing is not recommended for sensitive and 
long tests because biphenyl anion radical reacts with PFA; poly
propylene tubing is more stable [17]. In this work, we verified that the 
rate of interaction between Bp electrolyte and the PFA tubing was small 
(requiring several hours) compared to the charge transferred during 
polarization and cycling tests (which takes minutes). While the Bp-PFA 
interaction did slightly affect SOC during testing, those effects were very 
small compared to other processes. A photograph of the complete system 
is shown in Fig. 1a. 

To add an in-situ RE, a single cell design was modified to accept a 
sodium/sodium ion reference electrode (Na/Na+ RE) at the Na-beta- 
alumina separator (see Fig. 1b-c). This addition is critical to measure 
the potential of each half-cell; without this RE, investigation is limited to 
two-electrode measurements that offer relatively little information 
regarding processes in each half-cell. Another RE (master) can be added 
to the catholyte or anolyte reservoirs to verify the potential stability of 
the separator RE. Measurements collected using this 3-electrode setup 
were stable and reliable, enabling measurement of full-cell performance 
along with each half-cell performance. Also, EIS can be conducted on the 
anode and cathode to study their processes separately. 

To further study cathode EIS, a symmetric cell was tested with 
identical CF electrodes separated by Celgard (25 μm thick, Celgard© 
2325). Both halves were supplied with Na2Sx electrolyte from a single 
reservoir. Other components (flow plate, rubber gaskets, and tubing) for 
the symmetric cell are identical to the redox flow cell. 

2.3. Defining state of charge (SOC) 

The theoretical capacity of sodium polysulfide is 1675 mAh/gs for 
the reduction of S to Na2S. At room temperature, S and Na2S4 are 
insoluble in TEGDME [17,19]. Since all experiments in this work were 
done at low temperature (26 ◦C on average), only soluble sodium pol
ysulfide (Na2Sx, where 5 ≤ x ≤ 8) was studied. Na2S8 was thus specified 
as 100% SOC and Na2S5 as 0% SOC, with 125 mAh/gs theoretical ca
pacity. The redox reactions at the anode and cathode are: 
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2.4. Electrochemical characterization 

Electrochemical measurements were conducted using a Bio-Logic 
VSP (BioLogic, France). A 3-electrode cell was used to conduct cyclic 
voltammetry (CV). The setup consisted of a 30 mL glass vial with a 3D 
printed lid to seal and hold 3 electrodes. Platinum wire (0.5 mm diam
eter) was used as working electrode, nickel strip as counter electrode 
and Na/Na+ as reference electrode. This method was used to measure 
background current, the reversibility of Bp redox reactions and Bp half- 
wave potential (E1/2). The average measured cell temperature during CV 
tests was 26 ◦C. 

Discharge polarization curves were performed at 50% state of charge 
(SOC) by discharging the cell at constant current for 30 s followed by 
charging at the same current and for the same period to keep the SOC at 
50%. The last 15 s of each potential were averaged, constituting one 
point on the polarization curve. The same process was repeated at 
various discharge current values. To monitor the cell SOC, open circuit 
voltage (OCV) was recorded before and after each run. To perform Tafel 
analysis, both charge and discharge polarization curves were measured 
using the same method. 

Electrochemical impedance spectroscopy (EIS) tests were conducted 
on the same full cell with in-situ RE over a frequency range from 5 kHz to 
1 Hz. The cell was polarized under constant DC current for 30 s to reach 
a steady state. Then EIS was measured using 20 mV sinusoidal pertur
bation amplitude superimposed onto the DC current. This step was 
repeated several times for different current values to measure EIS for the 
cell under different polarization conditions. To validate EIS data, 
Kramer-Kronig was used with an acceptable fit. The BioLogic potentio
stat enabled simultaneous collection of both half-cell impedance spectra 
(i.e., cathode vs. RE, and anode vs. RE). 

EIS tests were conducted on a Na2Sx symmetric cell. Symmetric cell 
impedance data were collected between two identical electrodes 
(cathode vs. anode) with frequency ranging between 5 kHz and 0.1 Hz. 
Tests for a polarized symmetric cell were conducted using the same 
process for the full cell. 

3. Results and discussion 

3.1. Cyclic voltammetry 

CV experiments were conducted using a 3-electrode cell with base 
electrolyte to measure the background current resulting from impurities 
in the solution (shown in Fig. 2a). Following a satisfactorily low back
ground activity, 0.1 m Bp anion radical dissolved in base electrolyte 
(shown in Fig. 2b) was studied. The measured current was normalized 
by the geometric area of the working electrode (platinum wire) for 
Fig. 2a and b. When both voltammograms (base electrolyte and Bp anion 
radical dissolved in base electrolyte) were plotted on the same scale 
(Fig. 2b), it was apparent that the background current was negligible 
compared to the current generated by Bp redox reaction. 

These CV results confirm that electrolyte drying, storage, and prep
aration processes were effective since background current is negligible 
compared to the current generated by active species. In addition, the 
half-wave potential for Bp (E1/2 = 0.22 V vs. Na/Na+ RE) was calculated 
from the Bp voltammogram by averaging the anodic (0.266 V) and 
cathodic (0.175 V) peaks, using Equation (3) [7,22–24]. Half-wave po
tential of Bp calculated in this study is consistent with the literature [13] 
because it was crucial for studies in the following sections. 

E1/2 =
Epa + Epc

2
(3) 

Fig. 1. (a) Photograph of the redox flow cell system consisting of two electrolyte reservoirs kept in a 3D printed holder, peristaltic pump, and cell stack all assembled 
in a PTFE containment tray. (b) Cell illustration. (c) Exploded view of the cell’s 3D model showing main components. 
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3.2. Bp|Na2Sx ORFB polarization curve 

Prior to conducting polarization studies, the cell was cycled for 22 
cycles to ensure the stability and reversibility of electrochemical per
formance (shown in Figs. S1a–b). 

Galvanostatic charge/discharge resulted in high average columbic 
efficiency of 99.2%, which is comparable to the literature [17,18], 
indicating the reversibility of redox reactions taking place in the cell. 
Although durability was not a main target as prior research [17] 
demonstrated it, we can confirm the durability of the examined cell. 

To generate the discharge polarization curve for Bp|Na2Sx ORFB 
shown in Fig. 3b, the Potentiostat was set up to collect the full-cell 
voltage (cathode vs. anode) and both half-cell potentials against the 
Na/Na+ RE. To verify the RE reading, full-cell voltage was calculated by 
subtracting the anode potential from the cathode, then comparing to full 
cell voltage (Fig. 3a). Values agreed to within 8.1 mV (2.2%), confirming 
the accuracy of half-cell potential readings against RE. Refer to Fig. S2 in 
the appendix for polarization curve with error bars. Total overpotential 
(ηtotal) for each curve was calculated by subtracting the operation voltage 
or potential (Edischarge) from OCV (Equations (4) and (5)) [7,23]. 

Fig. 2. (a) IR-corrected CV for base electrolyte only. (b) IR-corrected cyclic voltammetry results for 0.1 m Bp anion radical dissolved in base electrolyte and plain 
base electrolyte plotted on same scale. Platinum wire (0.5 mm diameter) was used as working electrode, nickel strip as counter electrode, and Na/Na+ RE. All tests 
were conducted in argon-filled glovebox where H2O and O2 concentration were kept below 0.1 ppm. 

Fig. 3. Experimental polarization curves for Bp|Na2S8 ORFB at 50% state of charge (SOC). Condition: average operating temperature of the cell was 26 ◦C, area 
specific resistance (ASR) was ~70 Ohm. cm2, flow rate 6 mL/min, 0.13 m Bp, 0.12 m Na2Sx. (a) Comparison between IR-corrected full-cell potential obtained from 2- 
electrode versus 3-electrode measurements against in-situ Na/Na+ RE. (b) IR-Corrected polarization curves. (c) Polarization curve with losses isolated from each half- 
cell using Na/Na+ RE. Losses included ohmic, kinetic, and mass transport losses, red: voltage losses of anode, green: voltage losses from cathode. The maximum error 
measured for all polarization curves (full cell and half-cells) is 20 mV (1.5%). (For interpretation of the references to color in this figure legend, the reader is referred 
to the Web version of this article.) 
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ηfull−cell
total = Efull−cell

discharge − OCVfull−cell (4)  

ηhalf−cell
total = Ehalf−cell

discharge − OCVhalf−cell (5) 

Knowing the overall overpotential of the full cell and for each half- 
cell, each half cell contribution to the full cell loss (shown in Fig. 3b) 
was quantified. Over the current density range (0.1–9.3 mA/cm2) the 
anode contributed more strongly to the cell overpotential than the 
cathode; the anode averaged 58% of the overpotential while the cathode 
contributed an average of 42%. At low current density (around 70% 
voltage efficiency), the anode loss accounted for 64% and the cathode 
36%, thus the distribution of overpotentials varied slightly over the 
current density range. As current density increased, the cathode loss 
increased relative to the anode, reaching 42% at 9.3 mA/cm2 (which is 
at the edge of the safe potential window for the electrolyte). Note that 
current density was calculated by normalizing current by the geometric 
surface area of electrodes (4.8 cm2). A possible explanation for Bp 
causing higher voltage loss is the nickel foam electrode being less effi
cient than carbon felt; it might have lower wettability or electrochemical 
surface area compared to carbon felt. For deeper insight, relevant kinetic 
parameters will be calculated using Tafel analysis in section 3.4. 

3.3. Electrochemical impedance spectroscopy (EIS) tests 

To break down each half-cell total overpotential into ohmic (ηohmic), 
kinetic (ηkinetic), and mass transport (ηmt) overpotentials, EIS was con
ducted under negative DC bias (i.e., discharging the cell) [25,26]. 
Nyquist plots for each-half cell are shown in Fig. 4a and b. To decon
volute half-cell impedances, their EIS data was fitted to an equivalent 
circuit model using EC-Lab software. 

The anode redox reaction is simpler than that of the cathode; it is a 
single step, one electron reaction (Equation 1). Thus, its Nyquist plot 
shows a single semi-circle attributed to charge transfer impedance. A 
simple Randles equivalent circuit model (shown as inset in Fig. 4a) was 
used to fit anode EIS data. It consists of a high frequency resistance (Rhf) 

in series with a faradaic charge transfer resistance (Rct) and a constant 
phase element (Q) in parallel. Rhf represents the total cell resistance (i.e., 
contact, liquid ionic, electrode, and separator resistances). The Q circuit 
element models a non-ideal double layer capacitance at an electrode 
surface. 

The cathode impedance response shows two semi-circles. The first 
one has previously been attributed to interfacial resistance between 
solid ceramic separator (BASE) and organic liquid electrolyte [27–29]. 
The second, lower frequency semi-circle is then related to charge 
transfer resistance. To account for this extra process, an additional, 
parallel RintQ1 element was added to Randles equivalent circuit model 
(shown as insert in Fig. 4b) and fitted to find resistances values. 

Due to the scarcity of literature examining the high frequency 
response (5 Khz to 45 Hz) of this battery chemistry, a symmetric cell was 
employed to validate that the first high frequency semi-circle, which is 
affiliated to interfacial resistance [30–33]. This confirmation was ach
ieved by substituting the ceramic sodium-beta-alumina (BASE) sepa
rator with a polymer porous separator (Celgard). When the symmetric 
cell was subjected to EIS analysis, the initial semi-circle transformed into 
a straight line (blue curve in Fig. 4c), which is a characteristic response 
indicating distributed resistance in a porous medium. This alteration 
serves as evidence that the initial semi-circle corresponds to 
sodium-beta-alumina interfacial resistance. Notably, the symmetric cell 
lacking a sodium-beta-alumina separator exhibited a distinct response. 

The low frequencies semicircle (<45 Hz) is associated with charge 
transfer process. To confirm this interpretation, symmetric cell EIS tests 
were conducted under different cell polarization (shown in Fig. 4d). The 
high-frequency distributed resistance did not change, whereas the 
diameter of the semicircle decreased (Rct) as discharge current density 
increased. Thus, Na2Sx with Celgard separator has three dominant pro
cesses: Rhf, distributed ohmic resistance, and Rct. On the other hand, 
Na2Sx with BASE (red curve in Fig. 4c) has an additional semicircle, 
caused by interfacial resistance between liquid electrolyte and ceramic 
solid electrolyte. This comparison supports the equivalent circuit model 
used to fit Na2Sx data. 

Fig. 4. Nyquist plots for (a) anode and (b) cathode at different cell polarization (discharge current density) between 5 kHz and 1 Hz. Equivalent circuit models shown 
as insert. (c) Comparison between Na2Sx half-cell (cathode versus RE) and a Na2Sx symmetric cell (no RE) at OCV. (d) Na2Sx symmetric cell at OCV and under 
different discharge current densities. 
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Another equivalent circuit model validation tests were carried out; 
EIS tests were done at different flow rates (0, 6, and 50 mL/min); these 
tests determine whether the low frequency semicircle might be attrib
uted to mass transport. Nyquist plots at different flow rates are shown in 
the appendix Fig. S3. These results imply that half-cell impedance be
tween 5 KHz and 1 Hz is mainly caused by reaction-related processes 
with negligible mass transport effect, further supporting the interfacial 
and charge transfer resistances assignment. 

After fitting EIS data to equivalent circuit models, resistance values 
were collected. Using Equations (6)–(8) [23,25], ohmic, kinetic, and 
interfacial (for cathode only) overpotentials at each current density were 
calculated. The residual overpotential was calculated from subtracting 
(ηohmic + ηkinetic + ηinterfacial,cathode) from total half-cell overpotential; the 
residual was assumed to be associated to mass transport. 

Total, ohmic, interfacial, kinetic, and residual overpotentials were 
plotted against discharge current density (Fig. 5a and b). For both half- 
cells, kinetic overpotential had the largest contribution to cell voltage 
drop at current density range tested. Findings on cathode losses from 
this study are consistent with to another study [17], where kinetic losses 
dominated in Na2Sx, whereas Bp losses were not investigated in previous 
studies. Thus, these results provide a deeper understanding of Bp|Na2Sx 
ORFB electrochemical performance. 

ηohmic = I.Rhf (6)  

ηKinetic =

∫

Rct(I) dI (7)  

ηinterfacial,cathode = I.Rint (8) 

Graphite is unsuitable as an electrode option for Bp (anode) due to 
the reaction between Bp anion radical and carbon, which leads to 
corrosion. Consequently, nickel foam is used as an electrochemically 
stable alternative on the Bp side. Several factors contribute to the higher 
ohmic overpotential observed in the Bp half-cell. These factors include 
the contact resistance between nickel foam and stainless steel, the 
stiffness of the electrode impacting the contact, and the observation that 
SOC influenced ionic conductivity of the electrolyte (with charged Bp 
anion radical having lower ionic conductivity than the polysulfide 
electrolyte). Table 1 lists conductivities of different electrolytes and 
electrodes used in this study. 

3.4. Tafel analysis 

Tafel analysis is an electrochemical tool used to extrapolate ex
change current density (jo) from Tafel plot and calculate reactions 
transfer coefficients. Data from the polarization curve at low current 
density (where kinetic overpotential dominates) were used to generate a 
Tafel plots (Fig. 6a and b) for both Bp and Na2Sx. From Tafel plots, ex
change current densities (jo) were extrapolated by fitting a line on the 

data with linear increase. Then data were fitted to the Butler-Volmer 
equation (Equation (9)) [23] to calculate transfer coefficients (i.e., 
αf and αr). For completely ideal reversible reaction, the sum of transfer 
coefficients adds up to 1. 

Exchange current density of the cathode (0.15 mA/cm2) was higher 
than the anode (0.09 mA/cm2), which explains the greater kinetic losses 
in the anode. Similar analysis was performed on Na2Sx cathode by Self 
et al. [17], where they found jo to be lower (0.059 mA/cm2). This can be 
due to many reasons: (i) different electrode material (graphite felt) with 
different catalytic behavior than carbon felt used in this study, (ii) 
different solvent used in both studies, which might affect the solvent 
access to the electrode electrochemical active area, (iii) thinner elec
trodes, reducing the available area to support reactions. In addition, 
both half-cell transfer coefficients add up to less than 1 (0.92 for cathode 
and 0.9 for anode), which can be a result of complex reactions, error 
associated with EIS data modeling, and measurement error. 

j = jo

[

e

(
αf F
RT ηkinetic

)

− e

(
−αrF

RT ηkinetic

)
]

(9)  

4. Conclusions 

This work demonstrates a technique to quantify voltage loss for each 
half cell of Bp|Na2Sx ORFB during discharge and break down voltage 
loss into ohmic, charge transfer, interfacial resistance, and mass trans
port overpotentials. On average, the anode contributed 58% of the cell 
overpotential over the current density range tested (0.01–9.3 mA/cm2). 
The dominant source of voltage loss in both the anode and cathode is 
kinetic overpotential. Cathode EIS exhibited a high-frequency process, 
related to interfacial resistance between the solid BASE and liquid 
electrolyte. Exchange current density for anode was lower than cathode, 
explaining the higher voltage loss for Bp relative to Na2Sx. These find
ings address the gaps in the literature in understanding of Bp|Na2Sx 
ORFB. 

Current density was calculated by normalizing the current by geo
metric area of the electrode. This approach is convenient and common in 
the literature, but it is not an adequate representation since the elec
trochemical surface area (ECSA) is different than the geometric. In other 
words, ECSA does not have to scale linearly with geometric area (i.e. you 

Fig. 5. Breakdown of overpotentials of (a) anode (b) cathode using EIS data.  

Table 1 
Electronic and ionic conductivities measured using custom 4 electrode cell. 
Note: ionic conductivity of base electrolyte is consistent with literature [34].  

Item Conductivity (S/cm) 

TEGDME + 0.5 m NaOTf 1.4 × 10−3 

Base electrolyte (1 m) + Na2S8 (1 m) 0.90 × 10−3 

Base electrolyte (1 m) + Bp (1 m) 0.81 × 10−3 

Carbon felt (70% compression) 1.52 
Nickel foam (77% compression) 1.82  
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can hold geometric area constant while changing ECSA), so polarization 
studies could use ECSA just like kinetic-specific studies do. For a more 
accurate representation of electrode performance and ease of compari
son to literature, current density should be normalized using ECSA. Our 
group did not have the resources to conduct experiments to measure 
ECSA because it is not a trivial process, so we settled for current density 
based on geometric surface area. 

Another limiting factor of this study was Na-beta-alumina solid 
separator. Because of its fragile nature, only lower compression can be 
applied to the cell components, leading to high ohmic overpotential. A 
more durable, thinner, and less expensive separator can improve the 
performance and practicality of this chemistry of RFBs. 

This study’s final observation on cathode was that when it’s charged 
pass Na2S8 polymerization state (2.25 V OCV), solid sulfur will form and 
precipitate on carbon felt electrode surface. This phenomenon will cause 
electrode pores and flow plate channels to clog, raising the pressure 
between the half-cell inlet and outlet. It is recommended to further 
investigate the cell pressure drop as cathode polymerization state 
changes. Higher pressure drops results in higher pump power con
sumption, which will affect the overall system efficiency. Such a study 
has not been done by researchers in the field. 

We believe this investigation expands the knowledge base on this 
chemistry of flow batteries. Nonetheless, research and development are 
still needed for Bp|Na2Sx ORFB to compete with other mature energy 
storage systems. Recommended research areas are: 

1. Techniques to alleviate kinetic overpotential (i.e., increasing elec
trode surface area or its catalytic activity) for Bp and Na2Sx, since it is 
the dominant source of voltage loss on for both half-cells. Anode 
should be prioritized since it has higher impact on the system 
performance.  

2. Reduce mass transport overpotential by optimizing flow plate field 
design, study the effect of flow rate, and synthesizing electrodes with 
tunned microstructure to reduce diffusion path length. 

3. Optimize the cell structure to improve its electrochemical perfor
mance (i.e., electrode thickness).  

4. Increase battery current density by reducing ohmic voltage loss 
through more conductive separator and reducing contact resistance 
between cell elements.  

5. Study the effect of cell state of charge effect on catholyte and anolyte 
flow properties (i.e., pressure drop, viscosity).  

6. Solvents effect on electrochemical performance of Bp|Na2Sx ORFB. 
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