Combining electrochemical and imaging analyses to understand the effect of electrode microstructure and electrolyte properties on redox flow batteries
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Abstract
[bookmark: _Hlk34664477]Redox flow batteries (RFBs) are electrochemical devices with potential for large-scale energy storage application, although costs need to be further reduced to reach broad commercial deployment. This can be achieved in a variety of ways, such as reducing component costs or improving the electrode design. The aim of this work is to better understand the relationship between electrode microstructure and RFB performance. Four different commercially available carbon electrodes were examined – two cloths and two papers (from AvCarb® and Freudenberg Performance Materials) – and a comprehensive study of the different pore-scale and mass-transport processes occurring in each of the electrodes is presented to elucidate their effect on the overall cell performance. A set of electrochemical measurements was systematically carried out in a non-aqueous organic (TEMPO•/TEMPO+) flow-through RFB with the different electrodes using two supporting solvents (propylene carbonate and acetonitrile) and at a variety of flow rates ( cm s‑1). Electrode samples with  mm diameters were scanned using X-ray computed tomography, and a customised segmentation technique was employed to extract several microstructural parameters from the images. A pore network model was used to calculate the pressure drops and permeabilities, which were found to be within  and  m2 for the papers and between  and  m2 for the cloths. A 1D model was developed across half the symmetric separator-electrode-assembly and fit to polarisation measurements to obtain mass-transfer coefficients, , which were found to be between  and  m s‑1 with a subsequent discussion on Reynolds and Sherwood number correlations. This work suggests that, for fibrous electrode materials, it is the permeability (rather than other metrics considered, including volume-specific surface area, porosity or tortuosity), which better correlates with electrochemical cell behaviour. Consequently, the carbon cloths, which had the highest permeability and highest mass-transfer coefficient, displayed better RFB performances.
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1. Introduction
The promotion of large-scale energy storage systems is critical in developing a more renewable energy grid. The influx of photovoltaic solar arrays and wind turbine farms, coupled with looming legacy coal power plants’ contract end-of-life [1], will lead to a more intermittent energy supply and require large-scale energy storage solutions. Redox flow batteries (RFBs) can offer potential solutions, presenting favourable attributes associated with safety, cycle lifetime and, significantly, the ability to decouple energy capacity and power output allowing for flexible system design to meet desired storage application [2–5]. All-vanadium RFBs have been widely-studied [6–9], however uncertainty associated with vanadium price fluctuations impedes commercial roll-out, and, consequently, few companies have brought this technology to market [10–12]. To achieve the aggressive cost targets required for large-scale commercialisation of RFBs—$150/kWh [13,14]—further research into main components must be done to reduce their manufacturing and operational costs [3]. One proposed pathway involves the use of novel and inexpensive active species [15–17], while another relates to improvements in reactor design. These pathways will ultimately lead to higher-power systems but require the development of stable electrolytes [18], new electrocatalysts [19], optimisation of cell configuration and, crucially, improvement in electrode design [14].

Electrode design optimisation can lead to significant improvements in the performance of RFBs [20,21]. Recently, there has been considerable growth in this area, such as the development of hierarchically-organised porous electrodes [22] and the enhancement of surface chemistries to augment overall cell performance [23,24]. Several experimental and imaging techniques have proven fundamental in the analysis and characterisation of electrode materials [25,26]. Among these techniques, three-dimensional (3D) imaging based on X-ray Computed Tomography (XCT) has allowed researchers to capture the details of porous electrode microstructures at high resolution (e.g., voxel sizes of  μm3) [27–29]. Microstructural parameters can be calculated from the resulting 3D images, including porosity, tortuosity and volume-specific surface area (VSSA). The porosity quantifies the volume fraction of void space in the material at a specified level of compression. The tortuosity factor is the reduction in diffusive transport caused by an obstruction of flow paths in the geometry of heterogeneous media [30]. The VSSA is often considered to be the active surface area, where the electrochemical reactions take place, assuming the whole electrode surface area is accessible to electrolyte. However, the nature of this interface is the basis of intense scrutiny among researchers [31]; for example, the measured VSSA of a given electrode has been shown to vary by almost two orders of magnitude according to the technique chosen (e.g., mercury intrusion porosimetry, ~105, vs. double layer capacitance measurements, ~103) [32].

The most commonly used experimental technique for measuring and differentiating electrochemical resistive losses is electrochemical impedance spectroscopy (EIS) [21,33,34]. There are three main resistive contributions to the total cell resistance: first, the ohmic resistance that is primarily associated with the ion-exchange membrane/separator and liquid electrolyte [35]; second, the charge-transfer resistance that is associated with the electrochemical kinetics and with the accompanying solvation sphere rearrangement [36]; and third, the mass-transport resistance that accounts for the inter- and intra-pore species transport within the electrode [25,37,38]. When referring to transport processes in this work, the term ‘inter-pore’ refers to bulk transport of active species through the porous matrix, and ‘intra-pore’ refers to transport of active species from the bulk to the active surface – an illustration is shown in Figure S1. EIS data can be hard to interpret and, while inspection of a Nyquist plot can offer a qualitative account of resistances, it is necessary to fit an equivalent circuit model (ECM) to extract quantitative information [37]. Previous works have used EIS to assess resistive bottlenecks within RFBs [39,40]. ECMs allow for identifying the rate-limiting process in a cell and can confirm low charge-transfer resistances (i.e., fast reaction kinetics) associated with organic redox couples [25]. Ohmic and mass-transport resistances dominate the contribution to area specific resistance (ASR), and organic systems are particularly sensitive to the mass-transport limitation with respect to the operating conditions [33,34,41]. Overpotentials are commonly used as an effective handle for analysing the effect of electrode microstructures on RFBs. Another important method for full RFB performance assessment is polarisation, which can be performed at a fixed state of charge (SOC), by varying potential and measuring resulting current or vice-versa. EIS and polarisation measurements used alongside other forms of analysis have helped to investigate the systematic variations of viscosity and resulting effects on transport of active species to/from the electrode surface [42], the effect of electrolyte flow rates/flow field combinations [43] and the quantification of mass-transfer coefficients [44].

Mass-transfer coefficients are among the most informative parameters characterising the intra-pore mass-transfer processes [45] and can be used to draw parallels with electrolyte properties and electrolyte velocity [46]. Numerous studies have utilised dimensionless group correlations to quantify mass-transfer coefficients in RFBs [42,47–50]. These mass-transfer coefficients can be obtained from direct measurements of limiting current densities in cells [49] that are reached when the concentration of reactants at the electrode surface approaches zero [32,46]. Alongside experiments, pertinent models for electrochemical cells (e.g., plug-flow reactor [47] and continuum models [42]) can be used to estimate mass-transfer coefficients. Conventional continuum models modify the standard Butler-Volmer kinetics equation to account for the mass-transfer between the electrolyte bulk and the electrode surface [44,51–54]. Steady-state transport is considered across a homogeneous boundary layer (BL) of finite thickness (i.e., Nernst diffusion layer) controlled by a mass-transfer coefficient [37]. Recently, employing different flow field configurations, Milshtein et al. described the mass-transfer characteristics in non-limiting regions for a Fe2+/3+ RFB through a one-dimensional (1D) model by implementing Butler-Volmer kinetics and considering only the electrolyte ionic potential () [44]. Ultimately, the authors deduced a performance factor from the VSSA and mass-transfer coefficients [44]. Alternatively, dimensionless correlation considering Sherwood and Reynolds or Péclet numbers, have been used to describe the mass-transfer characteristics of different flow field configurations [42] and electrodes [47,48].

Modelling and simulations play a major role in examining system efficiencies. Previous studies combine experimental and modelling techniques to provide insight into the effect of microstructural and operational parameters in the RFB performance as well as the presence of various transport processes within the electrodes [34,55,56]. It is well known that the cell performance is a result of an interplay between the electrochemical reaction, the convective and diffusive flows and the ion migration. These inter-pore processes are present in conjunction with the intra-pore mass-transport. Although continuum models involve the equations corresponding to all transport processes, very few present conclusive studies on the effect of relevant mechanisms as individual contributions towards cell performance [54]. Recently, Sadeghi et al. used a pore network model (PNM) to search for optimum electrode structures concluding there are diminishing returns associated with congruous orientation of the electrode fibre with respect to the electrolyte flow and suggested that the permeability is a key performance factor [57]. Meanwhile, experimental outputs reported elsewhere include observations about carbon cloth performance and how different weave patterns affects system performance – asserting that their periodic and well-defined microstructure forces a more even distribution of electrolyte [32,34].

This study endeavours to accelerate the understanding of electrode microstructure effects on RFB performance and to help distinguish key microstructural properties as well as their relative importance. Thorough analyses of inter- and intra-pore mass-transport processes are separately presented alongside their effect on the overall cell performance. Using similar analysis metrics as those implemented by Forner-Cuenca et al. [34], this work characterises four electrode materials using a TEMPO•/TEMPO+ redox couple, dissolved in two comparative solvents, propylene carbonate and acetonitrile. Having fast kinetics, the TEMPO•/TEMPO+ redox couple engenders isolated mass-transport effects associated with electrode microstructures [34,58–60]. Subsequently, these four electrode materials were compressed and imaged in an in-house manufactured compression rig. The permeabilities and microstructural properties were calculated to evaluate diffusive and convective pore transport phenomena. These properties were subsequently used as parameters in a 1D continuum model to obtain distinct mass-transfer coefficients of the experimental operating conditions. The model, based on the conservation of charge and species with reaction kinetics, describes the electric potentials, concentrations of species and overpotential distributions across the separator-electrode-assembly. Here a simplified 1D model, including aspects of the species fluxes in the y-coordinate, was derived and used in order to retain the main cell trends and maintain simplicity for fast evaluation.

This work sets out to contribute:
1) A holistic analysis of cell testing, imaging and modelling results to align aspects of microstructural properties with overall system performance, and;
2) Comprehensive recognition and understanding of the unique intra- and inter-pore transport effects on the cell performance.

With insight of this nature, we look to inform future studies about the importance of electrode design, solvent selection and the delicate balance between intra- and inter-pore mass transport limitations, ultimately providing guiding principles for advanced electrode engineering. A high-level schematic outlining how our experiments and analyses are related is shown below (Figure 1).

[image: ]
Figure 1: A schematic outlining how experimental and modelling procedures carried out in this work yield parameters helping to identify key descriptors.
 
2. Experimental
2.1 Electrolyte preparation
Electrolyte preparation was performed in an argon filled glove box (MBraun, 4GB 2500, O2 <  ppm, H2O <  ppm). 2,2,6,6-Tetramethyl-1-piperidinyl-oxyl – TEMPO radical (TEMPO•, 98%, Sigma-Aldrich) was used as received. Oxidised TEMPO, 2,2,6,6-Tetramethyl-1-piperidinyloxy-oxo tetrafluoroborate – TEMPO‑BF4 (TEMPO+) was prepared in-house via a chemical oxidation [61]. Tetraethyl-ammonium tetrafluoroborate (TEABF4, %, BASF) was used as received. To a clean 20 mL volumetric flask,  g of TEMPO•,  g of TEMPO+ and  g TEA-BF4 were added. The supporting solvent – either propylene carbonate (PC, 99.9%, BASF), or acetonitrile (MeCN, %, BASF) – was then added up to the  mL mark. The resulting concentrations of the active species and supporting salt were: TEMPO•,  mol m-3; TEMPO+,  mol m-3 and TEABF4,  mol m-3. 

2.2 Electrolyte characterisation
The electrolyte density (, kg m-3) was calculated by measuring the mass of  mL aliquots of the PC- and MeCN-based electrolytes with the concentrations previously described into tared glass scintillation vials. The conductivity (, S m-1) was computed by submerging a calibrated probe (914 pH/Conductometer, Metrohm) into a glass scintillation vial containing ca. 15 mL of the electrolytes with concentrations as previously described. Similarly, the viscosity (, Pa s) was calculated by submerging a vibrational viscometer (V-700 Viscolite, Hydramotion) into a glass scintillation vial containing ca.  mL of the electrolytes with concentrations identical to the conductivity experiment.

The diffusivity (, m2 s-1) of TEMPO• and TEMPO+ were calculated with the current measured via cyclic voltammograms (CVs) of an ultramicroelectrode (UME) measurement as shown in Equation (1) [62]:
	
	
	(1)


where the diffusion limited current (, A) is measured at a plateau on the CV (Figure S2),  is Faraday’s constant (C mol-1),  is concentration of the active species (mol m-3) and  is the diameter of the UME (m). To achieve the limiting current, the TEMPO• and TEMPO+ concentrations were reduced to  mol m-3, while retaining the  mol m-3 of TEABF4. The CVs were performed with a  μm Pt UME (BASi) as the working electrode, an in-house Pt mesh as the counter electrode, and a non-aqueous Ag/AgCl reference used as the reference electrode. For this study, two separate Ag/AgCl reference electrodes were used: one with the reference stored in PC and the other stored in MeCN – each were used with the electrolyte with the respective solvent. For both the PC- and MeCN-based electrolytes, the CVs were conducted in an argon glovebox (MBraun Labmaster, O2 <  ppm, H2O <  ppm) using a CH 600 Series potentiostat with a scan rate of 10 mV s-1 used under quiescent conditions. For each trial, two complete scan rates were completed spanning  –  V (vs. Ag/AgCl) and - –  V (vs. Ag/AgCl) for the PC- and MeCN-based electrolyte, respectively. Three independent experiments were completed for the density, conductivity, viscosity and diffusivity calculations for both the PC- and the MeCN-based electrolytes. The results of the electrolyte characterisation are summarised in Table 1. The density and viscosity of the electrolyte changed as expected on addition of the supporting salt and accompanying active species. For example, the density of MeCN-electrolyte was greater than the pure MeCN as stated by a manufacturer –  kg m‑3 [63]. Similarly, the viscosity of PC-electrolyte was greater than the pure PC as stated by a data table –  Pa s [64].
Table 1: Relevant electrolyte properties measured (N=3): ionic conductivity, ; density, ; viscosity, ; and species diffusivity,  (3dp).
	Parameter
	PC
	MeCN

	/ S m-1
	
	

	 / kg m-3
	
	

	 / Pa s
	
	

	 / m2 s‑1
	TEMPO•
	
	

	
	TEMPO+
	
	


* TEMPO•, 50 mol m-3; TEMPO+ 50 mol m-3 and TEABF4, 500 mol m-3.
** TEMPO•, 5 mol m-3; TEMPO+, 5 mol m-3 and TEABF4, 500 mol m-3.

2.3 Electrode and separator preparation
Commercially available carbon materials used for testing were: AvCarb 1071, AvCarb 7497, Freudenberg H23, AvCarb MGL370. These were cut to size ( cm   cm, cm2) as shown in Figure 2. The thickness of the electrode material was measured using a micrometer (Mitutoyo Caliper No. 2804S-10). Daramic 175 (Daramic LLC, Charlotte, NC) microporous separators were also cut to size ( cm   cm,  cm2). Table 2 summarises the commercially stated thickness and porosity alongside the measured thickness of the carbon materials and Daramic separator. Variation between commercially stated and measured thickness is attributed to measurement error and the small force the calliper places on the material during measurement.
Table 2: Carbon electrode and separator specifications [65–68].
	Parameter
	AvCarb 1071
	AvCarb 7497
	Freud. H23
	AvCarb MGL370
	Daramic 175

	Type
	Cloth
	Cloth
	Paper
	Paper
	Separator

	Thickness* / µm
	
	
	
	
	

	Measured thickness / µm
	
	
	
	
	

	Target compressed electrode thickness / µm
	267
	490
	147
	335
	--

	Porosity* (%)
	
	
	
	
	


* As reported by the manufacturer.

2.4 Flow cell preparation
The zero-gap flow cell design reported in previous literature [33,44,69], was used along with a separator-electrode-assembly containing two carbon electrodes separated by the Daramic separator. Flow-through flow fields (FTFFs) acting also as current collectors (Tokai G347B graphite, MWI, Inc.) were used on both sides of the separator-electrode-assembly during cell tests. Images of this cell configuration can be found in the Supplementary Information (Figure S3). The nominal thickness of the carbon electrodes provided the basis for the number and thickness of poly-tetrafluoro ethane (PTFE) gaskets (W. L. Gore & Associates, Inc. Newark, DE) and gore sealing tape layers used during experiments. These leak-proof gaskets compress to  mm and helped in achieving a ca. % electrode compression of the electrodes on assembling and tightening the cell to the ‘Target compressed electrode thickness’ (Table 2). The cell was subsequently dried for >  min under vacuum while being cycled into the argon-filled glovebox (Inert Technologies, O2 <  ppm, H2O <  ppm) alongside  mL Savillex per-fluoroalkoxy alkane (PFA) jars and PFA tubing ( mm ID, Swagelok). Figure 2 presents a schematic representation of the symmetric cell.
[image: ]
Figure 2: Schematic of symmetric flow cell assembled and optical photographs of the carbon paper samples used. The function of the carbon electrodes interchange depending on if the cell is in charging or discharging mode.

2.5 Flow cell experiments
The electrolyte, held in two  mL PFA jars, was pumped through PFA tubing using a peristaltic pump (Masterflex L/S Series). Utilising the same electrolyte at 50% SOC and the same carbon electrode type on either side of the separator allows for effective electrode scrutiny. Fresh electrolyte was made for testing each electrode in each solvent environment. A FTFF was used to ensure all the electrolyte was forced through the electrode rather than a flow-by flow field, this choice simplifies assumptions when describing transport through porous media discussed below [43,44].

The electrolyte characteristic (superficial) velocities used to normalise for electrode thickness were: , ,  and  cm s-1. For the experiments, these velocities were converted to the relevant volumetric flow rates using the following equation [47]: 
	
	
	[bookmark: _Ref19012177](2)


where  is the electrolyte characteristic velocity (m s–1),  is the flow rate (m3 s‑1),  is the compressed electrode thickness (m) and  is the width of the FTFF channel (m). Before each experiment commenced, the electrolyte was first pumped through the cell at  cm s‑1 for  min to promote electrode wetting and expel bubbles trapped in the porous media. A BioLogic potentiostat (VMP3, BioLogic USA, Knoxville, TN) was used to measure the impedance response at open circuit potential (frequency range:  kHz –  Hz, amplitude:  mV, points per decade: ). EIS measurements were subsequently fitted with BioLogic EC-Lab® software using the Levenberg-Marquardt algorithm. Polarisation measurements were then collected by applying positive and negative galvanostatic current density holds for  s using  A m–2 increments between  A m–2, with current and potential recorded every second. Polarisation measurements were halted when either the  A m–2 limit was reached or the working electrode potential reached a cell cut-off potential of  V, as potentials in this range indicated the limiting current had been reached, and prevented unwanted side reactions/corrosion.

[bookmark: _Hlk38357162]2.6 X-ray computed tomography measurements
Carbon electrodes were imaged using a laboratory XCT system (GE Phoenix Nanotom S) fitted with a molybdenum target. Samples were prepared using a handheld rotary punch with a  mm diameter. An in-house manufactured polyether ketone compression rig was designed to hold and compress the electrode sample to mimic the experimental compression (Figure S4). The sample window has a wall thickness of approximately  mm. Incompressible Kapton film ( µm) discs  mm in diameter were placed above and below the sample to act as a fiducial marker. This was followed by alternating manual tightening and radiograph recording steps, which were performed to reach the required thickness for each electrode (Figure S5). Tomographic data was then captured during a 360° sample rotation using the same settings for all four carbon electrodes. Tube voltage and filament current were  kV and  μA, respectively, while the number of acquired projections and voxel sizes were  and  μm3, respectively. Volume reconstruction of tomographic data was performed using datos|x [70], which uses an optimised version of the Feldkamp-Davis-Kress (FDK) cone-beam algorithm [71].

Reconstructed projection slices were loaded into Fiji/ImageJ [72,73], forming an image stack with different numbers of slices according to the sample thickness, and subsequently cropped ( voxel   voxel) before segmentation. The greyscale slices were segmented using the Trainable Weka 3D Segmentation plugin [74], which is a machine learning tool that uses a number of user-defined regions to train a classifier. This segmentation method involved training the classifier and super/subsampling steps, allowing for greater control over the known fibre thickness and therefore potentially more accurate values for VSSA and porosity. A full description of how the segmentations were performed is shown in Figure S6. Scanning Electron Microscopy (SEM) images, carried out to display topological surface features of the carbon electrodes, were captured using a Gemini 1525 FEGSEM spectrometer.

3. Computational methods
3.1 Pore network model
A previously developed pore network model (PNM) was implemented to estimate the pressure drop across the four electrodes during operation [75,76]. The pore network was extracted from the XCT images of the compressed (ca. 20%) electrodes using the “maximal ball” algorithm from Amira-Avizo 9.2.0 software (Avizo). A pore network constitutes a topologic representation of the porous medium consisting of a simplified network of inter-connected pores and throats [75]. Assuming a single pressure value per pore, the flow through each throat connecting two pores is calculated as the analytical solution of the steady-state Navier-Stokes equation for flow through a pipe. The pressure and velocity fields through the network are obtained by enforcing a mass balance at each pore, as shown in Equation (3):
	
	
	(3)


where  is the pressure at pore i (Pa),  is the flow rate (m3 s‑1) between pores i and j, and  represent the radius and length (m) of the throat connecting pores i and j and  is the number of throats connected to pore i.

Assuming a constant velocity regime throughout the whole electrode [34], the experimental flow rate (, m3 s-1) was estimated with Equation (2) for each of the cropped samples from the XCT images. This flow rate is equivalent to the sum of the flow rates through the boundary throats in the in-plane outlet direction (y and z), as expressed in Equation (4):
	
	
	(4)


where  corresponds to the flow rate at the outlet throat j (m3 s-1). A successive over-relaxation method was implemented to calculate the pressure drop across the electrode sample in the two in-plane directions, y and z (Figures 3 and 4 provide directional axes). An initial pressure is set at each pore, and the pressure distribution is iteratively updated to minimise the normalised absolute deviation between the calculated and experimental output flow rate (Equation (5)):
	
	
	(5)


After conversion is reached, the permeability of the porous electrode is back calculated from the plots of estimated pressure drop as a function of flowrate at the boundary throats. Based on the shape of these plots and the calculated values of  (vide infra), the flow can be said to follow Darcy’s law [77]. The permeability is subsequently obtained from the slope of the pressure drop-flow rate plot as stated in Equation (6): 
	
	
	(6)


where  refers to the pressure drop (Pa) across the electrode sample,  is the length (m) of the electrode sample, and  is the permeability (m2) of the porous electrode.  refers to the area (m2) normal to the direction of the flow, computed as the sum of the cross-sectional area  (m2) of the outlet throats, as shown in Equation (7):
	
	
	(7)



3.2 One-dimensional continuum model
A summary of all the parameters used in this work, along with their corresponding units, are outlined in the Nomenclature (Section 10). In addition, the parameters for this model are presented in the Appendix (Section 7). A 1D model was selected (rather than higher order models) for its simplicity and fast implementation and evaluation time, additionally, 1D models have been shown to comprehensively describe phenomena in RFB cells using FTFFs [44,51,78].

3.2.1 Model description
In order to estimate the mass-transfer coefficients of the four carbon electrodes at different flow rates in different solvent environments, a simplified 1D steady-state continuum model, including aspects of y-coordinate convective effects, was developed. This simplified mathematical representation takes advantage of and reflects the simplifying experimental conditions used in this work. For example, the experimental characteristic flow rates were chosen to be high so that a simplification about the dominant convective flow rate in the y-axis could be made. At these higher flow rates, a small species conversion per pass is expected and there is no significant deviation in SOC. Meanwhile, at lower flow rates, a slightly higher conversion is expected and accounted for by considering the species conservation equation and solving for species concentration, rather than assuming a constant concentration throughout the porous electrode. This simplification enables faster fitting at the simulated operating conditions. This model should be used for comparative analysis with respect to general cell performance trends and not for quantitative performance predictions. Previous 1D models have been used to successfully represent redox flow battery performance [42,51,78], as well as to draw conclusions about mass-transport characteristics [44]. This mathematical description of the separator-electrode-assembly captures the relationship between the polarisation and the applied current density at the operating conditions. The model accounts for the mass-transport of active species to/from the reaction sites, the diffusive and electrophoretic transport through the electrode thickness and the electrolyte replenishment due to convective transport. Given the cell symmetry – the same carbon electrode usage either side of the separator, the ready reversibility of the fast charge-transfer process [33] and the virtually symmetric polarisation responses observed during charge and discharge steps – only half of the separator-electrode-assembly was modelled. This includes a single carbon electrode domain, chosen to be the cathode, alongside half the separator domain. It is important to mention that both carbon electrodes act as cathode and anode depending on the cell operating mode (during discharge, the positive carbon electrode acts as the cathode, whereas, while charging, it acts as the anode). Figure 3 presents a schematic representation of the 1D model including key dimensions and boundary conditions. The coupled steady-state transport processes involving species and charge conservation through the separator-electrode-assembly region were modelled to solve for six unknowns: four concentrations (, for  ∈ {TEMPO+, TEMPO•, BF4–, TEA+}, mol m‑3), the electric potential of the electrolyte (, V) and the electric potential of the electrode (, V). The decision to include the mathematical description of concentration of species in the carbon electrode was based on dimensionless analysis, which can be carried out before implementing the model and is explained later in this section. The assumptions considered in the model are: (1) the system was isothermal; (2) the electrolyte was incompressible with constant density, viscosity and volume; (3) physical properties were isotropic and homogeneous; (4) possible self-discharge and/or side reactions were neglected, as well as any additional chemical reactions; (5) individual electrolytes in tanks were uniformly mixed and did not deviate significantly from % SOC (mol m‑3 for both TEMPO• and TEMPO+) at any stage during the experiments and; (6) a dilute solution approximation was adopted for species transport in the electrode.
[image: ]
Figure 3: Schematic of the 1D model considering half of the separator-electrode-assembly with key dimensions and pertinent boundary conditions.
In order to obtain the spatial distribution of electrode and electrolyte potentials ( and , V, respectively) across both the electrode and separator, charge conservation was considered by the continuity equations for the electronic current density in the electrode (, A m–2), and the ionic current density in the electrolyte (, A m–2), as shown in Equation (8). These current densities are defined as shown in Equation (9) and (10). In these equations,  is the electrochemically active surface area of contact between the electrode and the electrolyte (m2 m-3),  is the area-specific Faradaic current density (A m-2),  is the electronic conductivity of the electrode (S m-1),  is the effectiveness factor (dimensionless) which is related to the volume fraction of the electronic component (, dimensionless) and its tortuosity (, dimensionless), ,  is the charge number of species i (dimensionless), and  is the superficial molar flux of species i (mol m–2 s–1).
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	(10)


In this work, the kinetic charge-transfer process at the electrode is a reversible single-electron () transfer reaction involving a reduced and oxidised species [33], TEMPO• and TEMPO+ (with stoichiometric coefficient ), respectively (Figure 2). A conventional Butler-Volmer kinetic approach [37,79–81] was used to describe the net rate of charge-transfer reaction (, mol m–2 s–1) as shown in Equation (11), where  is the interfacial potential (V), given by the potential difference between the electrode and electrolyte, i.e., . In Equation (11),  and  are the anodic (forward) and cathodic (backward) reaction rate constants (m s–1), respectively;  and  are the (dimensionless) anodic and cathodic charge-transfer coefficients, respectively; and  are the concentrations of each TEMPO species at the electrode surface (mol m–3);  is the operating temperature (K); and  is the ideal gas constant (J mol-1 K-1).
	
	
	[bookmark: _Ref34768584] (11)


At equilibrium, the net rate of charge-transfer reaction is equal to zero (, and bulk concentrations are found at the electrode surface (). The equilibrium interfacial potential (, V) was calculated as shown in Equation (12), where  (V) is the standard interfacial potential at operating conditions.
	
	
	[bookmark: _Ref26269170][bookmark: _Ref19021244][bookmark: _Ref19011136](12) 


Aside from equilibrium, the charge-transfer reaction rate is controlled by an overpotential (, V), which is defined as the difference between interfacial potential and its equilibrium value, i.e., . By implementing this definition and substituting Equation (12) into Equation (11), the area-specific Faradaic current density (), namely the current per unit surface area of pore wall, can be expressed as a function of the exchange current density (, A m–2), overpotential, and concentration of species at the bulk and surface of the electrode, Equation (13) [37]. This equation accounts for the mass-transport limitation given by the transport resistance within the pore-phase, resulting in non-unity quotients for concentration of species at the electrode surface and the bulk of the pore-phase. The exchange current density, , was expressed as stated in Equation (14).
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In order to estimate the surface concentrations in Equation (13), the rate at which TEMPO species is oxidized or reduced according to Butler-Volmer kinetics, is matched to the rate at which TEMPO species arrive or leave the electrode surface [44,53]. This mass-transfer rate is considered proportional to a linear concentration gradient within a Nernst diffusion layer, subject to a mass-transfer coefficient (, m s–1). For simplicity, both mass-transfer coefficients were assumed to be equal for the reduced and oxidised species, as shown in Equations (15) and (16), respectively. 
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Conservation of species and an electroneutrality condition were imposed in order to obtain the spatial distribution of the four species involved. The superficial molar flux of species i was calculated using the Nernst-Planck equation by taking diffusive, electrophoretic and convective transport into account, as shown in Equation (17). Since a FTFF is used in the experiments, only the convective flux in the y-coordinate was considered (see Figures 3 and 4 for directional axes reference). The molar flux was used in the steady-state conservation equation for species i, and can be simplified for a relatively thin electrode compared to the cell height using scaling analysis [51,78], where convective flux is considered in the y-coordinate while diffusive and electrokinetic flux is considered in the x-coordinate, as shown in Equation (18). For simplicity, the convective flux in the y-coordinate was estimated by a step change, which has been shown to retain general trends of performance, and is given by a finite difference approximation [51,78,82], i.e., , where  is the inlet velocity,  is the concentration of species i in the electrolyte tank and  is the electrode height. Three conservation equations were used (Equation (18)) to solve for the concentration of TEMPO+, TEMPO• and BF4– considering the following source terms: ,  and ; while, the concentration of TEA+ was solved according to the electroneutrality condition, i.e., .
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In the above equations,  is the diffusivity of species i in the electrolyte,  is the effectiveness factor that, as stated before, is related to the volume fraction of ionic component (, dimensionless) and its tortuosity (, dimensionless), ,  is the ionic mobility of species i in the electrolyte, which is related to the diffusivity by the Nernst-Einstein equation, ,  is the superficial velocity of the electrolyte (m s-1) and  is the source term of species i (mol m-3 s-1). 

Equation (18) was written in a dimensionless form for position on the x-coordinate (), position on the y-coordinate (), concentration of species i () and potential of the electrolyte (), as shown in Equation (19) for the TEMPO species. From this equation, the timescales of the different processes involved were obtained for transport due to diffusion (, s), migration (, s) and convection (, s) and additionally for the charge-transfer reaction (, s), as shown in Equation (20). The required time for galvanostatic operation (, s) based on the applied current density was also defined. Table 3 summarises these timescales under the range of operating conditions tested, namely, an applied current density within  A m‑2, a characteristic velocity within  cm s‑1 and four carbon electrodes with unique microstructural properties. In general, smaller timescales indicate faster transport mechanisms when evaluating diffusion, migration and convection, charge-transfer reaction rate and conversion rate as a result of imposed operating conditions (e.g., applied current density). The diffusive and electrophoretic transport processes are the slowest (~  s), with long timescales relative to the convective transport process which returned moderate timescales (~  s). The charge-transfer process is the fastest (~  s), and, therefore, did not the limit the process in this study. When using high electrolyte flow rates, convective transport can quickly replenish active species in the electrode domains and sustain the required conversion rate set by the applied current density. However, as the flow rate decreases, this replenishment cannot be maintained, and mass-transport limitations will be observed. The timescales for convective transport, which are directly related to the flow rate used, are not significantly faster than the required timescales (Table 3) and, as a result, a non-constant profile of concentration of species in the electrode is to be expected (vide infra). 
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Table 3: Timescales for transport mechanisms, reaction rate, and applied current density (3sf). Diffusion (D), Migration (M), Convection (C), Charge-Transfer (CT) and Required (R)
	Timescale
	PC
	MeCN

	 / s
	 – 
	 – 

	 / s
	
	

	 / s
	 – 

	 / s
	 – 
	 – 

	 / s
	 – 



Boundary conditions (BCs) for each governing equation used are shown in Figure 3. At the current collector/electrode interface (), a Neumann boundary condition is used given the galvanostatic condition for the electronic current density, while the ionic current density does not spread out of the computational domain, by means of a zero-flux Neumann BC, since the current collector is neither ionically conductive nor permeable. Similarly, a zero-flux Neumann BC was set for all species. At the mid-point of the separator () a Dirichlet BC was implemented for the electric potential of the electrolyte, i.e., . At the electrode/separator interface (), the electronic current density does not spread out of the electrode (zero-flux Neumann BC) since the separator is not electronically conductive. At this interface, crossover of TEMPO species is neglected by means of a no-flux Neumann BC, while a zero diffusive flux Neumann BC was implemented for BF4– to allow the crossover of non-reactive species.

3.2.2 Model implementation and fitting
Equations (8), (9) and (18), coupled with the charge-transfer kinetics and electroneutrality condition, constrained by the BCs for the 1D problem, the operating parameters (Table 1) and the electrode (Table 4) and electrolyte (Table 7) properties, were solved by the commercial software COMSOL Multiphysics® (version 5.5). An equation-based model was developed using the partial differential equation and ordinary differential equation functionalities of the mathematics module. A quadratic basis was used, together with a mesh size of ca. 200 elements for the electrode and separator. The relative error tolerance was set to  for the stationary solver using a direct method, MUMPS. The following initial values for all variables were set across the domains: (1) constant profiles across the electrode with electrolyte concentrations at % SOC; (2) electrode potential at the measured working electrode potential (corrected to the reference); and, (3) a constant potential of the electrolyte at a value of zero across both domains.

The model fitting was developed in MATLAB® R2019b using a least-squares solver (lsqcurvefit function) to minimise the sum of squared residuals between the modelled potential of the electrode at the current collector/electrode interface (), and the measured cell potential (, V) for each electrode tested. This method considered the number of measured points in each polarisation curve and the four flow rates tested in each solvent, as shown in Equation (21). Given the half separator-electrode-assembly description, where the 1D model was implemented with respect to a reference potential of zero at the mid-point of the separator, it was necessary to correct the resulting potential of the electrode at the current collector/electrode interface in order to fit the experimental data. The following parameters were selected as fitting parameters () for each of the four carbon electrodes (AvCarb 1071, AvCarb 7497, Freudenberg H23, AvCarb MGL370) in each solvent environment (MeCN and PC): four values of mass-transfer coefficient (), one value for each tested flow rate and one separator conductivity () value for each cell assembly. A root-mean-squared error (RMSE, V) defined by Equation (22) was used to assess the quality of the model fit, considering all measured points of polarisation for each carbon electrode in each of the two solvent environments and their sum of squared residuals (Equation (21)). To perform the fitting, COMSOL LiveLinkTM for MATLAB was used to allow MATLAB to fit the parameters to the COMSOL model.
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In the above equations,  corresponds to the five fitting parameters of each carbon electrode, and  is the total number of experimentally measured polarisation points at velocities  (, representing , ,  and  cm s-1, respectively) for each carbon electrode. The steady state simulation of one polarisation point at a specific applied current took roughly 0.06 s on an Intel Core i9 9980XE C W CPU ( threads), -bit workstation with  GB RAM.

4. Results
In this section, the outcomes from different experimental and modelling techniques are outlined. Firstly, the overall morphology of the four carbon electrodes, the segmentation technique used and the subsequent physical parameter extraction, are described. Secondly, the pressure drops and the permeability are calculated using a PNM [76]. Following this, experimentally gathered electrochemical data are assessed to understand the dominant transport processes and related resistances. Finally, the 1D model is fitted to the polarisation data, using key parameters obtained from imaging analyses, in order to obtain characteristic mass-transfer coefficients and dimensionless correlations.
4.1 Microstructural analysis
[image: ]
[bookmark: _Ref34210750]Figure 4: Ex-situ image analysis showing microstructural properties of carbon electrodes. Scanning electron microscopy images and representative 3D volume renderings (each with a through-plane area of 1.96 mm2) of the electrodes used in this work. SEM images were captured using a Gemini 1525 FEGSEM and 3D images produced using Avizo visualisation and analysis software.
Microstructural and morphological data was captured using SEM and XCT imaging techniques (Figure 4). The carbon cloths consist of a simple plain weave pattern (‘one-over, one-under’) and differ in bundle size: small (AvCarb 1071) and large (AvCarb 7497), this difference in electrode thickness is directly related to the bundle size—with larger bundle size leading to a thicker cloth. Freudenberg H23 achieves its structure from a hydroentangling process resulting in randomly organised, mechanically bound fibres [83]. AvCarb MGL370 is a moulded graphite laminate, which is a highly graphitic material manufactured under high temperature and pressure [65]—its individual fibres, unlike Freudenberg H23, are straighter and appear taut. The manufacturing of Freudenberg H23 and AvCarb MGL370 leads to different thicknesses as showcased in Figure 4. The material that appears as binder in AvCarb MGL370 is randomly dispersed carbonaceous matrix and remains in the electrode following the lamination step—to check this material did not contain fluorinated groups, area-specific energy dispersive X-ray spectroscopy was carried out over a representative region and the resulting analysis is shown in Figure S7.
[bookmark: _GoBack]After measuring the thickness of the as-received uncompressed electrodes (Table 2), a “target thickness” was calculated. These target thicknesses were used when tightening the compression rig before each XCT scan (Figure S5) and are reported in Table 4. Following segmentation, as described in the Experimental (Section 2.6) and with further detail in the Supplementary Information (Figure S6), the pore network was extracted from the porous media with the maximal ball algorithm in Avizo. A visualisation of the extracted pore network for each of the electrodes is shown in the Supplementary Information (Figure S8). The pore size distribution (PSD) for each electrode was evaluated and is shown in Figure S9. The pore radius profile is largely the same between Freudenberg H23 and AvCarb MGL370 with a mean pore radius of  µm. However, as a result of their woven structure, the cloths possess slightly larger pores giving rise to a longer tail in the PSD. AvCarb 7497, with its thicker bundle size, has a larger range of pores than AvCarb 1071 due to the resulting size of the interstitial weave gap. The mean pore radius is  and  µm for AvCarb 7497 and AvCarb 1071, respectively.
TauFactor (version: 1.208), a MATLAB application [84], was used to calculate the microstructural parameters of the segmented images (Table 4). The calculated porosity of the compressed electrodes is similar to that stated by the manufacturers (Table 2 vs. 4), however the readings for Freudenberg H23 and AvCarb MGL370 are slightly lower—this is tentatively attributed to increased fibre-fibre contact on compression. This increase in fibre-fibre contact is not as evident in the cloths because of their bundled nature and already high fibre-fibre contact. Interesting changes in microstructural properties of carbon felts as a result of compression has recently been examined via XCT [28]. The VSSA values calculated using TauFactor are slightly higher in this work than those found elsewhere [56]. Misinterpretation of VSSA measurements can lead to drastically inflated or understated electrode performance [32]. Recognising that the surface area used in this work may not represent the actual electrochemically active surface area, we believe that the segmentation method (Figure S6) offers a more accurate representation of the VSSA and therefore ultimately more reliable mass-transfer coefficients and dimensionless parameters.
[bookmark: _Ref27048425]Table 4: Microstructural parameters from SEM and XCT. The measured compressed thickness was collected via radiograph images and iterative tightening of the compression rig. Porosity, volume-specific surface area and tortuosity are calculated using 3D reconstructions of XCT compressed carbon electrode images using TauFactor [84].
	Parameter
	AvCarb 1071
	AvCarb 7497
	Freud. H23
	AvCarb MGL370

	Target compressed electrode thickness / µm
	
	
	
	

	Measured compressed thickness during XCT / µm
	
	
	
	

	Average fibre diameter* / µm
	
	
	
	

	Integer fibre diameter (for segmentation) / µm
	
	
	
	

	Porosity (%)
	
	
	
	

	Volume-specific surface area / m2 m‑3
	
	
	
	

	Tortuosity
	x
	
	
	
	

	
	y
	
	
	
	

	
	z
	
	
	
	


* indicates measurement carried out using SEM.
In both woven cloths and Freudenberg H23, the tortuosity in the y and z (in-plane) directions are shown to be similar and ca. % lower than in the x (through-plane) direction. Given their very different structures, the similarity in this through-/in-plane (x vs. y and z) ratio is non-trivial. Considering the through-plane (x) direction, we assume there is substantial tortuous discrepancy when comparing: the interstitial holes in the cloths, presumably providing a relatively facile path for a given active species to move from one face to the other; to the path of a species passing orthogonally through tight unidirectional fibres in the bundle. We posit that the difficulty with which a given species can travel through the randomly directional fibres in Freudenberg H23 is between the two paths through the cloths described above. Previous work has discussed the difficulty of capturing the fibre morphology using a single correlation for electrodes with orthogonal fibre bundles [32]. Given the binder-like carbon matrix that lies largely in the yz plane, AvCarb MGL370 shows a % increase in tortuosity when comparing the average of the y and z () with the x () directions. Given that the experiments were run using a flow-through flow field, and not ‘parallel’ (e.g., serpentine), the variation in y/z vs. x is expected to have little bearing on the RFB performance in this work. 

4.2 Permeability and pressure drop
The permeability of the porous media was calculated from a plot of pressure drop () as a function of characteristic velocity, as shown in Figure 5.
[image: ]
[bookmark: _Ref27557554]Figure 5: Comparison of calculated pressure drop-characteristic velocity relationships using electrolytes made with (a) PC, or (b) MeCN as solvent. The values for each electrolyte are averaged for the two directions of flow (i.e., y and z).
Based on Figure 5, the flow rate follows a Darcy law regime for the velocity range used in this work. Some authors have implemented a Darcy-Forchheimer equation to account for inertial effects on the fluid [32,34]. However, the calculated values of Re in all cases indicate a Darcy flow regime (Re << , vide infra) [77]. Based on this, the permeabilities were calculated from the slope of the straight line based on Equation (6). The resulting permeabilities are reported in Table 5. These values are within the same order of magnitude as those reported in the literature for different carbon electrodes, which verify the implementation of a PNM technique in this case [75,85,86]. A comparison can be made between the permeabilities obtained experimentally by Forner-Cuenca et al. for Freudenberg H23  [34], and those estimated in this work . In both cases, the permeabilities are within the same order of magnitude (i.e., ). The variation between these values can likely be attributed to the simplified approximation of the microstructure using a PNM, discrepancies in the microstructure of the two Freudenberg H23 samples and differences in compression (% ± % [34] vs. % in this work).
[bookmark: _Ref27064747]Table 5: In-plane permeabilities of electrodes in PC- or MeCN-based electrolytes, calculated using a pore network extracted from XCT images and flow rate vs. pressure drop analysis.
	
	
	Permeability,  / m2

	Solvent
	Plane
	AvCarb 1071 
	AvCarb 7497 
	Freudenberg H23 
	AvCarb MGL370 

	PC
	zx
	
	
	
	

	
	yx
	
	
	
	

	
	In-plane average
	
	
	
	

	MeCN
	zx
	
	
	
	

	
	yx
	
	
	
	

	
	In-plane average
	
	
	
	


Previous authors have analysed the effect of compression on the permeability, particularly for carbon cloths, since the shape of the weave patterns is thought to be affected by compression [32,34,87]. Although an explicit compression-permeability correlation is not established in these works, a comparison can be made between these values and those obtained in this work (for AvCarb 1071 and AvCarb 7497). Forner-Cuenca et al. estimated permeabilities from the measured values of in situ pressure drops across the flow-through system with a compression of % [34]. The permeability obtained was ()  m2 for AvCarb 1071. In this work, the permeability of AvCarb 1071 calculated from XCT images of compressed electrodes at ca. %. was  m2, which is similar to the previous reported values. Following a similar experimental technique as Forner-Cuenca et al., but implementing a compression of %, Tenny et al. obtained a permeability of () m2 for the AvCarb 1071 cloth [32]. This value is seven to eight times smaller than the values obtained with smaller compressions (i.e., % and %). In a similar way, the values of permeability obtained in this work for the AvCarb 7497  with a % compression are ten times higher than those obtained experimentally with a % compression reported by Tenny et al. ( m2) [32]. Taken together, these results suggest that compression can have a significant effect in the permeability of carbon cloths [32]. Comparing the permeability of the carbon cloths and the carbon papers reveals that the cloths have higher permeabilities by one order of magnitude than AvCarb MGL370 and Freudenberg H23. These results are qualitatively consistent with the conclusions from El-kharouf et al. for uncompressed electrodes using mercury intrusion porosimetry – higher permeabilities observed in cloths relative to papers [88].

4.3 Electrochemical comparison of RFB performance as a function of supporting solvent 
Experiments were carried out at various flow rates to observe how this affects the resistance contribution corresponding to mass-transport and to determine if, or at which point, diffusive transport becomes a limiting factor. Figure 6 presents the resistive contributions to the cell potential, as a function of the characteristic flow velocity. The measured cell potential is plotted alongside the ohmic potential contribution, iR-correction – calculated by the product of applied current and ohmic resistance (indicated by the high-frequency x-axis intercept on the Nyquist plot, measured immediately before the polarisation experiment) – and the deduced ‘iR-corrected’ potential. At low flow rates (e.g., =  cm s‑1), the cell is dominated by the mass-transport resistance contribution as a result of sluggish transport effects, and this is accompanied by a relatively steep increase in potential. As the flow rate increases (to  cm s‑1), the resistance, as a result of the mass-transport effects, reduces until it becomes much less significant relative to the constant ohmic resistive contribution. At low flow rates, the cell cut-off potential is reached prematurely meaning, in this case, that at  A m-2 the cell potential reaches  V and thus no point is recorded. This low flow rate operating regime leads to poor system performance with very unstable potentials. It is difficult to reach further conclusions about what processes are occurring and limiting the system at a microstructural level using this analysis. Previous authors have asserted that there is an uneven distribution of electrolyte across the electrode due to the existence of preferred flow paths and that this is attributed to the diverse PSD and differing inter-pore connectivity in the porous matrix [76,89]. At lower flow velocities, this flow path selectivity prevents effective electrolyte replenishment in depleted regions, leading to heightened local overpotentials and uneven electrode usage [67].
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[bookmark: _Ref27557654]Figure 6: Progressive iR-correction with varying flow velocity. Polarisation experiments run with AvCarb 1071 using MeCN as the solvent.
A complete set of these figures for all the electrodes tested in this work is shown in the Supplementary Information, Figure S10. The separation of ohmic from other resistance contributions, shown in Figure 6, while using a redox couple with a fast equilibrium constant (TEMPO•/TEMPO+) is useful when attempting to isolate specific causal resistance/performance relationships during RFB operation. In a similar way, ECMs are commonly implemented to analyse Nyquist plots since they offer quantification and separation of these resistances. However, the calculated values should be used with caution due to experimental variation and uncertainty associated with ECM suitability in representing the real system. Figure 7 (a) and (b) present the EIS responses of the cell using AvCarb 7497, with the bottom inset in Figure 7 (b) showing the ECM used. The model includes standard ‘resistor’ elements, RΩ and RCT, to describe the classical ohmic and charge transfer contributions to the cell resistance, respectively, with the addition of a non-classical bounded Warburg element (Wδ) representing the mass-transport resistive contribution. The Warburg element, used alongside the RCT resistor, helps to describe the semi-circular nature of the impedance responses at the low frequency end of the Nyquist plot. [37]. This ECM has been used previously to represent the EIS response of TEMPO-based RFBs [33,34]. The low and consistent values for the charge-transfer resistance at multiple flow rates allow the mass-transport to vary broadly independently, as shown in both the impedance and polarisation curves in Figure 7.
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[bookmark: _Ref27557127]Figure 7: (a-d) Representative Nyquist plots and discharge polarisation curves from experiments (points) with fits (lines) using an equivalent circuit model (for EIS) and the previously described 1D model (for polarisation), respectively. All experiments displayed here were carried out using AvCarb 7497 and the solvents used in (a) & (c) and (b) & (d) were PC and MeCN, respectively.
These ohmic-corrected EIS measurements (Figure (a) and (b)) show, in both solvents, that with increasing flow rate there is a decrease in the contribution of mass-transport resistance to total ASR of the system – this is explicitly illustrated in Figure 8. In comparing supporting solvents (Figure 7 (a) and (c) in PC, and (b) and (d) in MeCN), larger resistances are observed when employing PC compared to MeCN (Table 6). Interestingly, despite the identical equilibrium constant and electrochemistry in each case, the charge-transfer resistance is larger when using PC. This is tentatively attributed to the slower rearrangement of electrolyte species in PC, following the outer sphere electron transfer involved in the TEMPO•/TEMPO+ redox reaction, as compared to MeCN [90]. The Nyquist plots for the other electrodes and a complete set of the parameters extracted using the modified Randles circuit including the ohmic and charge-transfer resistances at each flow rate are displayed in the Supplementary Information (Figure S11 and Table S1). 
[image: ]
[bookmark: _Ref27557768]Figure 8: Comparison of mass-transport resistances recorded during electrochemical impedance spectroscopy experiments, calculated using an equivalent circuit model. Experiments were carried out using either PC (top) or MeCN (bottom) as the solvent during electrolyte preparation.

Table 6: Summary of area specific ohmic and charge-transfer resistances calculated using a fit from an equivalent circuit model. These are the averaged data across all flow rates in each operating environment (a full data set, including fitting detail, can be found in the in Supplementary Information – Figure S11 and Table S1).
	
	
	Area specific resistance  / Ω m2

	Electrode
	Solvent
	Ohmic
	Charge-transfer

	AvCarb 1071
	PC
	
	

	
	MeCN
	
	

	AvCarb 7497
	PC
	
	

	
	MeCN
	
	

	Freudenberg H23
	PC
	
	

	
	MeCN
	
	

	AvCarb MGL370
	PC
	
	

	
	MeCN
	
	



Figure 7 (c) and (d) shows iR-corrected galvanostatic polarisation measurements, which demonstrate how the overpotential changes with varying current density. Common to both electrolytes, at low flow rates, the system tends towards a limiting current density and the overpotentials quickly become too high to allow the experiment to continue. The apparent premature cut-off in PC is attributed to severe cell potential instability during the final step in current density (i.e.,  A m-2 at all flow rates in Figure 7 (c)) and the especially slow reactant replenishment at active sites within the electrode. In this case, using a FTFF system, high overpotentials correspond to a mass-transport limited region where the concentration overpotential dominates, and there is not enough convective flow to sustain higher applied current densities. Figure 7 demonstrates that the supporting solvent significantly influences the cell polarisation since even at high flow rates, while using the more viscous PC-based electrolyte, the cell is unable to reach a higher current density than  A m–2. This effect is partially attributed to the limiting inter-pore diffusive transport due to the low diffusivity of TEMPO species in PC (Table 1). Additionally, an intra-pore diffusive process is present which limits the movement of species to and from the active surface. In PC, the active reactant species diffuse slowly, with difficulty, from the bulk of the electrolyte to the surface of the electrode; once they reach the electrode surface, they are rapidly consumed due to their fast kinetics and the high current density applied. This implies that the rate of mass-transfer towards the electrode surface is much slower than the reaction rate, resulting in an increased boundary layer thickness and causing the overpotential to rise. When using MeCN-based electrolyte (Figure 7 (b) and (d)), high current densities can be reached as the lower viscosity ( Pa s), and accompanying surface tension, allows the electrolyte to move more easily to empty regions in the porous matrix, preventing the presence of starved regions through the electrode. TEMPO species have higher diffusivities in MeCN than in PC electrolyte, so the resulting boundary layer is smaller, inducing a lower overpotential over the electrode during operation. The polarisation curves for the other electrodes are displayed in Figure S12 in the Supplementary Information.

The instrumental performance metric used in this work is the iR-corrected ASR calculated using galvanostatic polarisation data, i.e. the iR-corrected potential (V) divided by the current density (A m‑2). The iR-corrected ASR for each electrode in the highest and lowest flow regime, at a current density of  A m-2 (ASR250_iR-corrected), was calculated during polarisation and presented in Table 7. The results show that, generally, the ASR250_iR-corrected is higher when using lower flow rates and PC as solvent. The carbon cloth electrodes exhibit the lowest potentials at equivalent current densities and therefore display the lowest ASRs. 


Table 7: The area specific resistance calculated using the iR-corrected 1D model values at 250 A m-2 (3sf). The area specific resistance has been calculated for each electrode, in each supporting solvent at the highest (5.0 cm s‑1) and lowest (0.5 cm s‑1) characteristic flow velocities. (Parentheses indicate that 250 A m-2 was not reached before the cell cut-off potential was reached, the highest current density modelled is indicated next to the associated ASR.)
	
	
	Area specific resistance, ASR250_iR-corrected  / Ω m2

	Electrode
	Solvent
	High flow rate
	Low flow rate

	AvCarb 1071
	PC
	
	

	
	MeCN
	
	

	AvCarb 7497
	PC
	
	

	
	MeCN
	
	

	Freudenberg H23
	PC
	
	( at  A m-2)

	
	MeCN
	
	( at  A m-2)

	AvCarb MGL370
	PC
	
	

	
	MeCN
	
	



Finally, on inspection of the ratio between pumping power (input) and electrical power (output) at a potential of  V, as a function of characteristic velocity we notice that as the flow rate increases there are diminishing returns in performance. Figure 9 illustrates the proportion of power spent on moving the electrolyte through the electrodes in each solvent as a function of the characteristic flow velocity. These data were gathered using the fitted polarisation dataset and  was taken from the PNM calculations. The electrical power was calculated at  V and the pumping power calculated via the following Equation (23): 
	
	(23)


Where  is the pumping power (W),  is the pressure drop (Pa),  is the volumetric flow rate (m3 s-1) and  is the pump’s efficiency (dimensionless). For the purposes of this analysis,  is assumed to be .
[image: ]
Figure 9: The ratio of input pumping power to output electrical power at a calculated 0.025 V iR-corrected potential (during polarisation), as a function of characteristic flow rate in (a) PC and (b) MeCN (assumes a pump efficiency of 75%). The parity (dotted) line indicates the ratio below which there is no net generated power.
As expected, the position on the vertical axis is strongly influenced by electrolyte viscosity – it is simply more difficult to move the electrolyte through the electrode and therefore a more significant proportion power is spent on this demanding process. The relative positions of the electrodes are in line with the trends in other forms of analysis throughout the paper (generally, cloths performing better than the papers). The parity (dotted) line indicates the point at which the input pumping power is equal to the output electrical power. Operation below a ratio of 1 lead to no net generated power and must be avoided. This is the case for Freudenberg H23 and AvCarb MGL 370 (at the higher two flow rates) using  (Figure 9 (a)). The curve’s gradient indicates how changing the flow velocity influences the proportion of input power converted to the ‘useful’ output power. For instance, in acetonitrile (Figure 9 (b)), comparing AvCarb 1071 and AvCarb 7497, increasing the flow velocity from  to  cm s‑1 improves the electrical output to a greater degree in AvCarb 7497 than for AvCarb 1071. This indicates that, relatively, there may be meaningful improvements in performance with an increased flow for AvCarb 7497 compared to AvCarb 1071. This proportional-power/velocity relationship helpfully compares these systems and would be relevant and scalable to larger systems. This power analysis interestingly highlights both how the electrolyte viscosity affects this power ratio (electrical power/pumping power) with flow rate progression, and how the cloth’s advantageous microstructural orientation caters for a greater system efficiency, compared to the carbon papers examined in this work. Forner Cuenca et al. observed a similar trend using a single electrolyte in a previous contribution [34]. 

4.4 Mass-transfer coefficients
To compare the pore-level mass-transfer effects displayed by the four carbon electrodes at different operating conditions, the corresponding mass-transfer coefficients () were compared as a function of the mean linear (interstitial) velocities, (), defined as the ratio of the flow rate to the cross-sectional area for flow in the in-plane direction [47,49,91]. The XCT imaging analyses of the compressed electrodes (Section 4.1) were used to obtain the porosity values () for computing the velocity of the electrolyte in the pore-phase [48,91]. The 1D model (vide supra) was used to fit the mass-transfer coefficients for each cell polarisation step in each variation of experimental operating conditions—i.e., (two) supporting solvents, (four) carbon electrodes and (four) flow rates.

The electrode microstructural features obtained from the XCT image analysis—porosity, tortuosity and VSSA—were used as model parameters (Table 4). Reaction rate constants () for each of the solvent environments, considering the four different electrodes, were obtained by taking into account  (Table 6) and the electrolyte tank concentration [34]. The range of calculated values for reaction rate constants (Table S2) were between  m s-1 using MeCN and between  using PC, which were slightly larger than the ones reported by Forner-Cuenca et al. [34]. The rate constants serve as coarse estimations that were based on the fitted values of charge-transfer resistances from the selected ECM and calculated using Equation (24) [34]. Diffusivity values for TEMPO species dissolved in PC and MeCN were measured and used as model parameters (Table 1). Diffusivity of BF4– and TEA+ were estimated from literature as  and  m2 s‑1 when using PC [92], respectively; and  and  m2 s‑1 when using MeCN [93], respectively. The conductivity of the carbon electrodes is expected to be considerably higher than the conductivity of electrolytes and separator and is assumed to be high enough so that resistance to electron transport across the porous electrode is negligible [44,52–54,76,94,95]. Additionally, the ohmic resistance previously obtained was used to estimate a reference value of separator conductivity (, Table S2), which was in the range of  S m‑1 and  –  S m‑1 for experiments using MeCN and PC, respectively. The ohmic resistance measured includes the resistance contribution of many components including contact resistances between the different cell components and electrolyte resistance; however, the contribution of the separator is expected to dominate, therefore providing a good approximation of the separator conductivity.
	
	
	(24)


The fitted parameters and RMSE obtained for each set of polarisation curves are summarised in Table S3 in the Supplementary Information. A reasonably good fitting of the model to the polarisation data is observed with a RMSE range of  V and  V when PC and MeCN were used, respectively. Figure 7 (c) and (d) shows the model fitting results as iR-corrected polarisation curves for AvCarb 7497 in PC and MeCN, respectively. Comparisons of model fittings and experiments, presented as iR-corrected potential, at all operating conditions tested can be found in Figures S12 and S14. Figure 10 presents the calculated concentrations of active species, overpotentials and ionic current densities along the cathode thickness (through-plane, x-coordinate) corresponding to an applied discharge current density of  A m‑2, for the four characteristic velocities tested on AvCarb 7497 cloth using PC and MeCN. During discharge, the reduction reaction occurs at the positive electrode while the oxidation takes place at the negative electrode, and, therefore, a higher concentration for TEMPO• is expected with respect to the concentration of TEMPO+, as shown in Figures 10 (a) and (b), respectively. In both plots, the consumption/production of species is localised mostly close to the separator (particularly when PC is used), and, as the flow rate of electrolyte increases, both concentrations tend towards the concentration of TEMPO species in the tank () due to the faster replenishment of active species. The concentration profiles are also affected by the diffusive and electrophoretic transport, which are expected to be slower when using PC as supporting solvent due to the lower diffusivity values (Table 1) and, therefore, steeper concentration gradients are expected in this case. When comparing the effect of supporting solvent on overpotential profiles, we observe higher values of overpotential with increasingly steep gradients towards the cathode/separator interface () when using PC, as opposed to the lower (essentially constant) values of overpotential across the electrode when using MeCN (Figure 10 (c)). This demonstrates that when the cell is operating with MeCN, a more even distribution of the reaction rate for the charge-transfer process between TEMPO• and TEMPO+ is expected to appear across the carbon electrode. This even reaction rate is also exemplified by the rate of change of the ionic current density, which changes from zero at the current collector/electrode interface () to  A m-2 at the cathode/separator interface (), as shown in Figure 10 (d). Similar figures have been obtained by previous authors [51,54], and equivalent profiles for the other carbon electrodes examined in this work are shown in Figure S15.
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Figure 10: Distribution of concentration of (a) TEMPO•, and (b) TEMPO+, (c) overpotential, and (d) ionic current density, along the cathode thickness when a discharge current density of 250 A m-2 is applied to AvCarb 7497 carbon cloth in PC- (dashed line) and MeCN-based (solid line) electrolytes and under the four flow velocities tested.
An electrode performance factor (, s-1), given by the product of the VSSA of the electrode and the mass-transfer coefficient, as function of the mean linear flow velocity (, m s-1) was used to compare the mass-transport characteristic of each carbon electrode/solvent couple. An empirical power law, , is commonly used to characterise the carbon electrodes where  and  are empirical (dimensionless) constants [47,48,96]. This correlation can be expressed in terms of relevant dimensionless numbers, such as the Reynolds () and Sherwood (), which are defined in Equations (25) and (26):
	
	,
	(25)

	
	,
	(26)


where  is mean the fibre diameter (m). These dimensionless numbers can also be related one to another by a power law, , where  is another empirical (dimensionless) constant [42,47,48,50].  represents the ratio of convective to diffusive mass-transport, while  represents the ratio of inertial to viscous forces within the electrolyte moving throughout the porous matrix [77]. In this work, a correlation between  and  was established to analyse the interplay between the transport processes occurring within the pores. The mean fibre diameter (, Table 4) was selected as the characteristic length scale for the carbon electrodes to evaluate the  numbers. The mean diffusivities for TEMPO•/TEMPO+ in each solvent (Table 1) were calculated to be  (in PC) and  m2 s‑1 (in MeCN) and were used to evaluate the  numbers. Figure 11 (a) and (b) present the correlation between the electrode performance factor () and the mean linear velocity (v) for the two solvent environments tested, and Figure 11 (c) shows the dimensionless mass-transfer correlations (). Table 8 summarises the relevant value ranges for parameters and dimensionless numbers. Power law values were found to be in the range of  and  when using PC and MeCN, respectively (Figure 11). Tenny et al. obtained power laws () using some of the same cloths tested in this work, namely AvCarb 1071 and AvCarb 7497, and reported power law values of  and , respectively [32]; however, the authors obtained their mass-transfer coefficients experimentally and at higher electrode compressions (ca. %)—as compared to the numerical approaches in this study and lower cell compressions—while power laws were computed based on characteristic velocities and averaged effective diffusivities. This work has alternatively implemented the mean linear velocity and averaged diffusivities for obtaining the power laws (), since we judged these parameters to better represent convective mass-transfer at the pore-level, aligning with works reported by other authors and the general BL theory for mass-transfer [48–50,97]. Importantly, using equations from previous works [98,99], the size of the BL is calculated to be between  µm and between  µm for PC and MeCN, respectively—i.e., significantly smaller than the mean fibre diameter and pore diameter in all cases. Mass-transfer coefficients, and consequently  numbers, experience more sensitivity with respect to velocity for cloths at the experimental conditions tested (Figure 11), increasing more quickly with the flow rate as compared to the papers. The most sensitive electrode to the change in velocity is AvCarb 7497, which also displays the higher values for the performance factor (), followed by AvCarb 1071, and then both carbon papers, Freudenberg H23 and AvCarb MGL370. Previous reported power law values for carbon papers and felts are within  [44,100], showing less sensitivity to velocity that the one obtained here for AvCarb 7497.
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Figure 11: Correlation between electrode performance factor and mean linear velocity for electrodes using (a) PC- or (b) MeCN-based electrolytes. Dimensionless parameter correlations for each electrode in each electrolyte are displayed in (c) on a logarithmic graph showing the Sherwood number plotted as a function of Reynolds number. Gradients are displayed alongside their respective best fit lines.

Table 8. Range of characteristic numbers for electrodes in PC- and MeCN-based electrolytes (3sf).
	Solvent
	PC
	MeCN

	 / m s–1
	

	 / s–1
	
	

	
	
	

	
	
	

	
	
	

	
	
	



5. Discussion
Clear, overarching observations, deduced from electrochemical polarisation data (Figure 7 and Table 7), are two-fold: firstly, overall performance of flow cells using MeCN is superior compared with PC in almost every operating condition with the exception of AvCarb MGL370 with a characteristic flow rate of  cm s‑1 in PC at some current densities (Figure S14). This is attributed to the lower electrolyte viscosity resulting in higher species diffusivity associated with using MeCN instead of PC. Secondly, with increased flow velocity there is an increase in performance (Figure S14). This characteristic has been carefully separated into distinct transport phenomena: ‘intra-pore’ transport—associated with a reduction in the size of the BL and the ease with which active species are brought to/leave the surface, and ‘inter-pore’ transport—associated with the formation of reactant starved regions in the electrode and replenishment to these regions via a convective flow. Together, these high-level observations start to account for the cell’s associated mass-transport shortcomings.

More interesting observations can be made when comparing different electrodes from a microstructural point of view. This work demonstrates that carbon cloths (AvCarb 7497 and AvCarb 1071) outperform the other electrode materials in equivalent environments, in line with observations in previous literature [34,56]. The augmented performance has been attributed to a more even distribution of electrolyte as a result of a broader PSD, a geometric ordered weave structure and fibre alignment (Figure 4) ultimately ensuring more extensive contact between active species and the electrode surface. From a different angle, some authors have shown that electrodes with low inter-pore connectivity present uneven flow distributions due to the electrolyte flowing only through preferred paths [34,76,101]. In looking to the microstructural parameters evaluated in this work, we find various levels of correlation. The following discussion attempts to intimately tie microstructural properties and performance together. To clarify, a good ‘performance’ attributed to a system refers to a lower potential associated with a higher current density. Specifically, in this work, we refer to the iR-corrected ASR (calculated during electrode polarisation) as a useful metric to indicate the potential/current density interplay observed.

The permeabilities reported in Table 5, coupled with the calculated ASR250_iR-corrected values tabulated in Table 7, provide the clearest relationship between microstructure and performance in this work. The two carbon cloths have the lowest ASR and significantly higher permeabilities than the other carbon electrodes, which falls in line with the work by El-kharouf et al. [88]. The trend is followed at the low performance end, too – Freudenberg H23 presents the worst performance (high ASR) and the lowest permeability, where, at low flow rate, a current density of  A m‑2 is not reached. Figure 12 shows the iR-corrected ASR calculated at a current density of  A m‑2 (ASR250_iR-corrected) plotted against permeability and is used as a metric for standardising the comparison between cell performance in each environment, namely four carbon electrodes, four flow rates and two solvents.
[image: ]
Figure 12: Graph showing correlation between the ability for the electrode to reach a high current density with low overpotential (ASR250_iR-corrected) as a function of the permeability and the highest and lowest flow rates in: (a) PC- or (b) MeCN-based electrolyte. ‘ASR250_iR‑corrected’ indicates the area specific resistance calculated at a current density of 250 A m-2 using the 1D fitted model simulations. At low flow rate, Freudenberg H23 did not reach 250 A m-2 in either solvent because the cell cut-off voltage was reached first, these points are therefore omitted.
This inverse correlation between the ASR250_iR-corrected and the electrode permeability shows that the inter-pore connectivity directly affects this cell performance metric (Figure 12). As previously stated, the higher level of connectivity and permeability in the woven cloths is given by their ordered weave structure and thus promotes a more uniform distribution of electrolyte across the whole electrode [34,56,76,89,94]. Visual detail of microstructural configuration with respect to the alignment of fibres in the electrodes is shown in Figure 4.

Inspection of ASRs extracted from the ECM fittings (Figure 8 and Table 6) exemplifies how, from an intra-pore transport perspective, the performance is affected. The general decrease in ASR, observed across all electrodes with increasing electrolyte velocity (Figure 8), can be attributed to both an enhanced convective transport enabling a faster replenishment of active species and, a reduced BL thickness at the active surface area, both of which result in a reduction of mass-transport resistance [102]. The former corresponds to the extent of interconnectivity in the porous phase, given by the electrode microstructure, while the latter is directly related to the mass-transfer coefficient which characterises the speed with which active species can be transported from the bulk to the electrode’s active surface.

Looking to other microstructural properties, such as VSSA, tortuosity and porosity (Table 4), we find notable lack in correlation to performance. We must reiterate here that these relationships have been observed using an environment with very fast kinetics. Firstly, in comparing the calculated VSSA with cell performance, it is reasonable to assume that a higher VSSA would lead to higher performance, since the electrode would contain more available reaction sites for the electrochemical reaction to take place. However, the results show an inverse correlation between the VSSA and cell performance for the AvCarb 7497 and Freudenberg H23. This does not necessarily imply that a higher VSSA causes a lower performance but rather that either the VSSA is not involved in a limiting process or that the VSSA calculated from XCT images may not provide a good indication of the actual active surface area reached by the active species [32,76]. While the VSSA obtained from XCT images provides a fair estimation of the total active surface area available, the inter-pore connectivity and the ease with which an active species can reach those reaction sites is more important. Secondly, when analysing the tortuosity factor, no conclusive correlation between any of the three, spatial directions and the cell performance is observed. For example, AvCarb MGL370 shows a significantly higher value compared to the other electrodes, but its performance is only marginally better than Freudenberg H23, whilst Freudenberg H23 and AvCarb 7497 present a very similar tortuosity factor but differ greatly in terms of performance. We rationalise this by first considering inter-pore mass-transport processes as a joint contribution from a diffusive and a convective flow. The discrepancy between tortuosity factor and performance could be attributed to the way tortuosity is calculated, considering only steady-state diffusive flux between fixed concentration boundaries [84]. We assert that for RFBs, in particular those using FTFFs, the most influential factor for species transport through porous electrodes is the convective flow, which is why no correlation between tortuosity and performance is observed. Since the electrode permeability is a measure of the ease offered to a convective flow by the porous material, it is fair to conclude, as in other works [57], that a material with high permeability enables an enhanced convective flow and, therefore, a better performance. This is indeed what we observe, as shown in Figure 12. Tortuosity correlations might be expected at the lower flow rates tested in this work; however, this is not what we observe, in fact, for all flow rates tested in this work the ASR follows the same trend: AvCarb 7497 displays the best performance, followed by AvCarb 1071, AvCarb MGL370, and lastly Freudenberg H23. This shows that, even at relatively low flow velocities, a convective flow is dominant over a diffusive one in the direction of the flow (in-plane direction, i.e., y or z, refer to Figure 4 for a directional axes reminder). With this in mind, we expect that by repeating these experiments, using a flow-by flow field, would allow us to observe some correlations between tortuosity in the through-plane direction of the electrode thickness and performance, since the predominant transport process could be diffusion especially at low flow rates and with more viscous solvents. However, it has been shown in aqueous (all-vanadium RFB) systems the dominant transport process may be convection driven by the pressure difference between neighbouring channels when using a flow-by flow field [103,104]. Finally, there seems to be no strict correlation between porosities of the electrodes and their electrochemical performance. Although, in broad terms, the cloths present higher porosities than the papers, the cloth with highest porosity is not the best performing electrode. Instead, a correlation is observed between PSD and performance: AvCarb 7497 presents the largest pores, shown as a longer tail in the PSD (Figure S9), followed by AvCarb 1071, AvCarb MGL370 and Freudenberg H23. These results align with analysis from previous authors, which state that a combination of larger pore size and fibre alignment, along with a high permeability, leads to a better performance in carbon electrodes [34,57].

To summarise, based on the results found with the electrodes tests, we assert that a hypothetical electrode with high porosity, high VSSA, and low tortuosity is not necessarily predictive of high performance for liquid-based RFBs using FTFFs. While other authors have explored various methods for estimating the VSSA and tortuosity factors of carbon electrodes [32,105], suggesting a possible overestimation of VSSA when obtained from image analysis, no conclusive work has presented a correlation between these microstructural parameters and performance in RFBs. Based on our findings, the next step would be to perform comprehensive comparisons between the estimated microstructural parameters using different imaging and electrochemical techniques and to relate these values to the cell performance. This is out of the scope of this work but will be the basis of future outputs.

Although the best performing electrodes are those with highest calculated permeabilities in this work, other authors have not encountered the same trend. Forner-Cuenca et al. showed an SGL electrode with high permeability but low performance [34]. Additionally, Tenny et al. did not observe any correlation between the permeability of different carbon cloths and cell performance [32]. We rationalise this not only by the difference in parameter calculation and experimental variation, but also by the existence of a trade-off between the inter- and intra-pore mass-transport processes occurring simultaneously within the electrodes. For some materials, such as SGL, the permeability is high, but the mass-transfer coefficient is low, imposing a strong mass-transport limitation, and therefore reducing the performance. This is in agreement with the recent work of Kok et al., which showed that some carbon felts present high permeabilities but low mass-transfer coefficients [29]. Based on this, we reaffirm the motivation of this work, which shows the importance of analysing and understanding the effect of both inter- and intra-pore mass-transport processes associated with cell performance.

The convective mass-transfer coefficients are commonly considered to be an indicator of the intra-pore mass-transport within the electrode pore-phase given by the diffusive transport of species from the bulk of the pores to the electrode active surface. This diffusive flow can be enhanced by an augmented flow velocity: higher flow rates reduce the BL thickness between the bulk electrolyte and surface of the electrode [106]. This concept is consistent with the results obtained for the four electrodes at different flow rates: the value of  increases with increasing flow rate, as shown in Figure 11 (a) and (b). The maximum performance factors, , achieved are obtained by the carbon cloths in both solvents and the gradient of cloth fits show the higher sensitivity to the change in velocity. Dimensionless correlations between the  and  numbers (Figure 11 (c)), clearly illustrate the effect of solvent viscosity on  number. In comparing the  number for the two solvents, it is observed that PC achieves comparable values of  number as MeCN. Given the  is calculated as the ratio between  and the electrolyte diffusivity, they equally contribute to the values of . Barton et al. reported dimensionless correlation () for a Fe2+/Fe3+ RFB using an SGL 29AA carbon paper and varying viscosity for different flow field configurations [42]. The authors display considerable impact on flow characteristics () due to different flow fields, however, no appreciable difference in mass-transfer features () due to viscosity were observed.

6. Conclusions
The microstructure-performance relationship was investigated for a non-aqueous redox couple, using a combination matrix of different carbon electrodes and solvents, to elucidate both the predominant sources of mass-transport losses and decipher the mass-transport processes within RFBs. It is important to clarify that, as a result of the fast kinetics chosen, the microstructural conclusions reached in this work should hold for other electrolytes in flow-through devices. We have taken a TEMPO•/TEMPO+ redox couple and TEABF4 supporting salt and dissolved them in two solvents (PC and MeCN) resulting in two electrolytes with unique conductivity, density and viscosity properties. We tested the performance of four different commercially available electrodes at a selection of electrolyte flow rates. High-level observations of electrochemical polarisation tests include: the use of electrolyte with low viscosity and surface tension (MeCN) results in higher performance; and, within the range of flow velocities used, the expected correlation between flow rate and performance is evident.

With many parameters and variables relevant to this analysis, it is difficult to confidently assert causal relationships between microstructure and performance. It is more probable that a combination of microstructural features and transport properties lead to the variations in electrochemical performance we observe in the results. Microstructural properties of porous media are closely related to the mass-transport processes that take place within the cell and we observe mass-transport rates to be a useful indicator for electrode performance. When analysing intra-pore mass-transport, EIS (Nyquist plots) serves as a useful tool in providing insight to transport processes within the pore. In terms of the inter-pore mass-transport, we acknowledge that if the dominant flow processes were diffusive, a tortuosity factor would provide insight to the mass-transport limitations (and therefore performance) of the system. However, we assert that, under the forced convective conditions imposed on the cells in this work, the electrode permeability is indicative of performance. In all cases analysed, the system was predominantly dictated by convective flow and so with this assertion it is reasonable to have observed an improved performance for those electrodes with higher permeabilities. Other microstructural parameters, such as porosity, bear no observable correlation to the performance. VSSA may well provide an accurate representation of the available electrode surface area; however, during operation, if only a small proportion of this electrochemically active area is effectively accessed and utilised, the VSSA obtained from image analysis does not serve as a useful indicator of performance.

A 1D model of the separator-electrode-assembly accounting for the properties of the electrode and electrolyte was implemented and fitted to experimental results yielding mass-transfer coefficients, , for each distinct operating condition. These mass-transfer coefficients serve as a useful measure with which to analyse the intra-pore mass-transport limitations associated with active species moving from the bulk to the electrode active surface. We establish that the best performing electrodes also displayed the highest  and are therefore believed to have the thinnest boundary layers.

Having analysed many different parameters in the electrode, we are able to identify the key properties in a flow-through configuration that may inform specific electrode design/choice for a given system. Notwithstanding the alternative route taken in this work, we arrive at a similar conclusion as previous authors investigating electrode morphologies: the best system performances are those observed utilising the cloths demonstrated both by their higher permeability and mass-transfer coefficients. In this particular case, we conclude that AvCarb 7497 shows the most favourable microstructural properties leading to its superior performance, both at higher and lower flow rates due to high inter-pore connectivity and permeability. These properties are a result of the relatively large pore size and the periodic fibre alignment unique to woven materials which promote a more uniform distribution of electrolyte across the electrode. However, we also acknowledge the changes in electrode compression and accessible surface area can influence electrochemical and fluid dynamic outcomes in unknown ways. 

As a closing remark, while not intending to instruct them, we seek to inform manufacturers and researchers about the importance of microstructural parameters in the design of new porous electrodes used, under flow, in RFB systems. Weave patterns, intrinsic to cloth electrodes, display promising microstructural features with extensive potential to be tailored to enhance inter- and intra-pore mass transport while maintaining high specific surfaces areas for fixed flow configurations and output requirements. These refined electrode designs will contribute to the continued improvement of RFB systems, whose performance will ultimately be influenced by a number of different engineering aspects. The ambitious task of proposing distinct electrode microstructures will require considerable experimental effort bolstered by the integration of new imaging, computational modelling, machine-learning and optimisation techniques.

7. Appendix
The parameters for the 1D continuum model used to fit the simplified experimental system, are shown below (Table A1).
Table A1: 1D continuum model parameters.
	Parameter
	Solvent
	AvCarb 1071
	AvCarb 7497
	Freudenberg H23
	AvCarb MGL370

	 × 104 / m s–1
	PC
	
	
	
	

	
	MeCN
	
	
	
	

	 / S m–1
	PC
	
	
	
	

	
	MeCN
	
	
	
	

	 × 109 / m2 s–1
	PC
	

	
	MeCN
	

	 × 109 / m2 s–1
	PC
	

	
	MeCN
	

	Electrode thickness / µm
	--
	
	
	
	

	Volume-specific surface area / m2 m–3
	--
	
	
	
	

	Porosity (%)
	--
	
	
	
	

	Tortuosity
	--
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11. Nomenclature
	cross-sectional area of throat, m2; empirical parameter in power law, -
ASR	area specific resistance, Ω m2
	area normal the flow direction, m2
	volume-specific surface area, m2 m-3
	empirical parameter in power law, -
BL	boundary layer
	concentration, mol m-3
	constant-phase element, Ω-1sn (n = CPE exponent between  and )
	diameter, m
	diffusivity, m2 s-1
	potential, V
ECM	equivalent circuit model
EIS	electrochemical impedance spectroscopy
	effectiveness factor, -
	Faraday’s constant,  C mol-1
FTFF	flow-through flow field
	height, m
I	current, A
	current density, A m-2
	area-specific current density, A m-2
	exchange current density, A m-2
	reaction rate constant, m s-1
	permeability, m2
	mass-transfer coefficient, m s-1
	compressed thickness, m; thickness, m
	length, m
	empirical parameter in power law, -
MUMPS	multifrontal massively parallel sparse direct solver
	number of electrons, -
	superficial molar flux, mol, mol m-2 s-1
	number of points in polarisation curve, -
	pressure, Pa
PNM	pore network model
	flow rate at outlet, m3 s-1
	volumetric flow rate, m3 s-1
	net rate of reaction, mol m-2 s-1; radius of pores, m
	ideal gas constant,  J mol-1 K-1
	ohmic resistance, Ω m2
	charge-transfer resistance, Ω m2
	Reynolds number, -
	source term, mol m-3 s-1
	Schmidt number, -
SEM	scanning electron microscopy
	Sherwood number, -
SOC	state of charge, (%)
	temperature, K
	mobility, m2 mol J-1 s-1
	mean linear (interstitial) velocity, m s-1
VSSA	volume-specific surface area, m2 m-3
	characteristic (superficial) velocity, m s-1
	width, m
	Warburg element, Ω s0.5
	cartesian x-coordinate, m
XCT	x-ray computed tomography
	cartesian y-coordinate, m
	charge number, -; cartesian z-coordinate, m

Greek
	transfer coefficient, -
	density, kg m-3
	efficiency, -
	porosity; volume fraction, -
	tortuosity, -; timescale, s
	overpotential, V
	viscosity, Pa s
	stoichiometric coefficient
	conductivity, S m-1
	interfacial potential, V
	electric potential, V
	fitting parameters, -

Subscripts and Superscripts
	standard
	ohmic
	anodic
	applied
	cathodic
	convection
	calculated
	corrected
	charge-transfer
	diffusion
dl	diffusion limited
	ionic; electrolyte
	electrode
	equilibrium
	experimental
	fibre
	faradaic
	species 
	throat j
	inlet
	separator (membrane) / power law exponent
	migration
	outlet
	required
	solid; electronic; surface
	tank
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