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Abstract  

Pressure drop, ∆𝑃𝑃, in redox flow batteries is linked to pumping costs and energy efficiency, making the 

characterization of hydraulic properties of electrodes a necessity during scale-up. In this work, the ∆𝑃𝑃 

at diverse platinized titanium electrodes for the positive reaction in Ce-based redox flow batteries is 

reported vs. mean linear electrolyte velocity as measured in a rectangular channel flow cell. Darcy’s 

friction factor and permeability vs. Reynolds number are calculated. Average permeability values are: 

7.10×10–4 cm2 for Pt/Ti mesh, 4.45×10–4 cm2 for Pt/Ti plate + turbulence promoters, 1.67×10–5 cm2 for 

Pt/Ti micromesh, and 1.31×10–6 cm2 for Pt/Ti felt. The electrochemical volumetric mass transport 

coefficient, 𝑘𝑘$𝐴𝐴&, is provided as a function of ∆𝑃𝑃. In flow-by configuration, Pt/Ti felt combines high 

𝑘𝑘$𝐴𝐴& values with relatively high ∆𝑃𝑃, followed by Pt/Ti micromesh. Pt/Ti mesh and Pt/Ti plate yielded 

lower ∆𝑃𝑃 but poorer electrochemical performance. Implications for cell design are discussed.  

  

Keywords: cerium; electrochemical flow reactor; platinized titanium; porous electrode; pressure drop; 

redox flow battery.  

    
Introduction  

Three-dimensional platinized titanium (Pt/Ti) structures are the preferred electrodes for the 

conversion of cerium ions in electrochemical flow reactors.1 Following its use in mediated 
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electrosynthesis,2,3 nuclear decommissioning,4 and disposal of hazardous organics,5 the 

Ce(III)/Ce(IV) redox couple has received attention in the field of electrochemical energy 

storage. The Zn-Ce redox flow battery (RFB) has a thermodynamic cell potential of 2.48 V and 

has been developed over more than a decade.6 Alternative systems have been proposed, such as 

V-Ce,7-10 Pb-Ce,11 H2-Ce half-fuel cells,12,13 and a Ce-Ce concentration cell.14 Previously, we 

have estimated the contribution of thermodynamic, kinetic and resistive components to the cell 

potential of the Zn-Ce RFB15 and established the electrochemical performance of diverse Pt/Ti 

electrodes in terms of the volumetric mass transport coefficient, 𝑘𝑘$𝐴𝐴&, from limiting current 

measurements.16 In this work, we report the hydraulic properties of Pt/Ti porous electrode 

materials as described by the static pressure drop, Δ𝑃𝑃, produced in a cerium-containing flowing 

electrolyte.   

  

The pressure drop through the electrodes of a RFB is directly related to its pumping power 

demand and hence to its overall energy efficiency. It is essential to measure such losses and to 

relate them to the electrochemical performance of the electrodes in order to achieve a successful 

and economical scale-up of the system. Pressure drop has been considered in RFBs since the 

initial developments at NASA,17,18 and in other types of electrochemical reactors and 

electrolyzers.19,20 Since, measurement and control of pressure drop has been undertaken in 

several RFBs. For instance, early work suggested intermittent pump action in order to increase 

the efficiency of the Fe/Cr RFB,21 although electrode ‘starvation’ and gas build-up should have 

required preventive measures. On the other hand, few experimental studies in utility-scale RFBs 

have been reported. One example is the pressure drop in brominepolysulfide stacks with 7,200 

cm2 planar electrodes.22,23 The pressure drop in these stacks surpassed the predicted values for 

empty channels and displayed an exponential increase as a function of mean linear flow velocity 



3  
  

due to constricted manifolds. In well-engineered utilityscale RFBs, energy losses due to 

electrolyte pumping can be expected to be under 5%.24  

  

More recently, the pressure drop and pumping losses in vanadium RFB stacks have been 

simulated, optimizing the dimensions of the carbon felt electrodes and other flow features in 

relation to shunt currents,25 and permitting the estimation of losses in a 40 cell stack.26 

Optimization of pump operation related to the internal resistance losses in vanadium RFBs has 

also been performed based on the measured permeability of the carbon felt electrodes.27 The 

degree of compression of the felt in vanadium RFBs has an important effect on pressure drop,28 

as well as electrolyte viscosity change over state of charge (SOC).29 Pump power losses for 

different types of bends, valves and tube diameters in the electrolyte circuit have been also 

considered.30 Pressure drop differences between the positive and negative half-cells can be 

substantial,31 and the cell design should aim to reduce them. Finally, it has been shown that 

interdigitated felt electrodes could reduce pressure losses in vanadium RFB stacks to ca. 30% 

in comparison to conventional flow-by designs.32,33 It should be noted that most simulation 

results have not been validated by experimental data, creating a need for this type of studies.  

  

Furthermore, the pressure drop in several recently proposed RFBs employing extremely viscous 

or non-Newtonian electrolytes has not received sufficient attention. Electrolytes based on ionic 

liquids, deep eutectics, slurries, ‘flowing electrodes’ and suspensions (e.g. in Chakrabarti et 

al.34) will significantly increase pressure drop, requiring either more permeable porous 

electrodes or possibly planar electrodes. For instance, relatively open reticulated vitreous 

carbon (RVC) electrodes were needed to permit the flow of a semi-solid electrolyte in a 

conceptual Li-air RFB.35  
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Pressure losses over RFB stacks can be appreciably higher than those predicted by the sum of 

the pressure drop at individual unit cells.17 The consumption of pumping power by a stack at a 

given flow rate and temperature increases as a result of tortuous or constricted manifolds, 

porous electrodes/turbulence promoters, long tubes/channels, small cross-sectional areas, 

abrupt changes in the flow direction, turbulence and electrolyte viscosity. The actual fluid flow 

through electrode channels in large stacks can deviate from ideal behaviour, due to material 

heterogeneities or incomplete flow development.36 Hence the significance of uniform porous 

electrodes and engineering tolerances. Although analytical estimation25 and computer fluid 

dynamics (CFD) simulation37 can certainly account for the expected ideal pressure drop in RFB 

systems, actual measurements over the built stacks remain as one of the main tasks required 

during pilot and full-scale testing.  

  

Pressure Drop and Electrode Performance  

The restriction imposed by porous materials to incompressible fluids as they flow through, can 

be described as the static pressure drop, 𝛥𝛥𝑃𝑃, vs. the mean linear electrolyte flow rate or an 

associated Reynolds number. Basic normalised indicators of hydraulic behaviour, such as 

Darcy’s friction factor, 𝑓𝑓* , and Darcy’s permeability, 𝐾𝐾, can be calculated, assuming 

homogeneous, isotropic porous structures in steady state laminar flow. Other expressions can 

be more suitable for the description of fluid flow through highly porous media, such as the 

Ergun equation,38,39 or the Kozeny–Carman equation.40 The Kozeny–Carman equation 

considers pore size and has found use in characterizing carbon felts used in RFBs. Anisotropy 

in porous materials such as meshes with different orientation or felts having fibres aligned in 

preferential directions has to be considered.  
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The Darcian flow rate employed in porous electrodes is the mean linear electrolyte flow 

velocity, 𝑣𝑣, past the electrode surface. This normalised figure considers the cross-sectional area, 

𝐴𝐴-, and volumetric porosity, 𝜀𝜀, of the porous material. The mean electrolyte flow velocity 

through the porous electrode is given by:  

  

𝑣𝑣 = 𝜀𝜀𝐴𝐴01𝑥𝑥                    (1)  

  

The pressure drop over the electrode as a function of mean linear electrolyte flow velocity or 

Reynolds number can be described by a power law,19,41 in the form:  

  

Δ𝑃𝑃 = 𝑑𝑑𝑑𝑑𝑑𝑑6                    (2)  

  

Where the coefficient, 𝑑𝑑, and 𝑑𝑑𝑑𝑑 exponent, ℎ, are empirical constants.  

  

Under full convective diffusion reaction control and steady state, the electrochemical 

performance of a porous electrode in an electrochemical flow reactor can be expressed, in turn, 

as the volumetric mass transport coefficient, 𝑘𝑘$𝐴𝐴&,42 which is the product of the average mass 

transport coefficient of the electroactive species dissolved in the flowing electrolyte, 𝑘𝑘$, and the 

volumetric active area of the electrode, 𝐴𝐴&. Close approximations of the required dimensions of 

the units cells and stacks in electrochemical reactors can be obtained from this factor.43,44 

Typically, 𝑘𝑘$𝐴𝐴& can be established from electrode limiting current measurements or by fitting 

the reactant conversion over time to a plug flow reactor model.44,45 In the first case, 𝑘𝑘$𝐴𝐴& is 

related to the limiting current at the porous electrode, 𝐼𝐼9, by:  
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 𝐼𝐼𝐿𝐿                    (3)  

𝑘𝑘$𝐴𝐴& = 𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑑𝑑 

  

where 𝑧𝑧 is the bulk concentration of the reactant, 𝑧𝑧 is the Faraday constant, 𝑧𝑧& is the volume of 

the electrode and 𝑧𝑧 is the electron stoichiometry. The limiting current, 𝐼𝐼9, develops at the 

electrode when the rate of the electrochemical reaction is restricted by the supply/removal of 

ions to the electrode surface. The electrode current is coupled to the mass transport in the cell. 

These conditions are achieved when the electrode overpotential has increased sufficiently to 

move away from the open circuit potential, overcoming electron transfer control and mixed 

control. This ideal behaviour can be altered by deviations from steady state, uncompensated 

ohmic effects and current distributions at large or porous electrodes.16,46 𝑘𝑘$𝐴𝐴& is usually given 

as a function of electrolyte mean linear electrolyte velocity but it can also acquire an economical 

significance when related to 𝛥𝛥𝑃𝑃. An empirical power law relationship can be established 

between the two terms:19  

  

𝑘𝑘$𝐴𝐴& = 𝑝𝑝Δ𝑃𝑃@                    (4)  

  

where 𝑝𝑝 and 𝑞𝑞 are empirical constants.  

  

Materials and Methods  

Flowing electrolyte  

Pressure drop measurements were performed using a typical electrolyte for the positive halfcell 

of Ce-based redox flow batteries, except in the case of the felt material, where deionised water 

was used instead. The solution had a composition of 0.8 mol dm–3 Ce(III) methanesulfonate in 
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4.0 mol dm–3 methanesulfonic acid (MSA). A suspension of hydrated cerium carbonate (99% 

purity, Treibacher Industrie AG, Austria) was prepared in deionised water (conductivity of 4.5 

µS cm–1) and neutralised under constant stirring with the stoichiometric volume of 

methanesulfonic acid (99% purity, Acros Organics, USA), followed by the addition of 4.0 mol 

dm–3 of the same acid. The concentration of Ce(III) methanesulfonate was verified by 

volumetric titration against Fe(II).47 The viscosity of the solution was measured with an ASTM 

calibrated Oswald viscometer (Poulten Selfe & Lee Ltd, UK). The temperature was controlled 

to ±0.5 °C by immersion in a thermostatic bath, allowing 5 minutes for equilibration. The 

Ce(III) solution had a density, 𝜌𝜌, of 1.37 g cm–3, a dynamic viscosity, 𝜇𝜇, of 5.31×10–2 g cm–1 s–

1, a kinematic viscosity, 𝜈𝜈, of 3.9×10–2 cm2 s–1 and a Schmidt number, 𝑆𝑆𝑧𝑧, of 45,348 at 25 °C.  

  

Characteristics of the electrodes  

The macroscopic appearance of the evaluated Pt/Ti porous electrodes and the inert ‘turbulence 

promoter’ (ITP) employed along the Pt/Ti planar electrode is shown in Figure 1. Their 

dimensions, equivalent hydraulic diameter and volumetric porosity are given in Table 1. Pt/Ti 

plate and Pt/Ti mesh electrodes were sourced externally, while Pt/Ti felt and Pt/Ti micromesh 

electrodes were electroplated with platinum in a flow cell using alkaline plating solutions. A 

detailed description of their manufacture has been provided in previous work.48,49  

  

The Pt/Ti plate and Pt/Ti mesh electrodes were obtained from Magneto Special Anodes BV 

(The Netherlands). The platinum coating of the Pt/Ti plate and Pt/Ti mesh had an approximate 

thickness of 3.5 µm. The Pt/Ti plate electrode had a thickness of 3.0 mm and it was platinum 

plated on one side only. Inert turbulence promoters (ITP) consisting of a stack of three 1.3 mm 

thick polypropylene meshes, Figure 1a, were placed in the rectangular flow channel of the 

electrode, in a similar fashion as in membrane-divided flow reactors. The internal aperture and 



8  
  

pitch of the polypropylene mesh was 4.6 mm × 4.2 mm and 6.8 mm × 8.0 mm, respectively. 

The Pt/Ti mesh electrode, shown in Figure 1b, was formed by a stack of three pieces (each 2.4 

mm thick) of expanded titanium mesh spot-welded to a 3.0 mm titanium plate. The internal 

aperture of this mesh was 3.2 mm × 7.1 mm with a pitch of 6.8 mm × 10.1 mm.  

  

The Pt/Ti micromesh electrode, shown in Figure 1c, was constructed by spot-welding a stack 

of sixteen individual pieces of 170 µm thick titanium micromesh (Dexmet Co., USA) to a solid 

0.9 mm thick titanium plate. The size of these pieces was 60 mm × 25 mm. As a way to provide 

a space for the flow between the flat (non-expanded) micromesh, 60 mm × 5 mm strips were 

interspersed between them at the edges of the electrode. The internal aperture of the micromesh 

was 375 µm × 625 µm and the pitch 670 µm × 1000 µm. The average volumetric Pt loading of 

this electrode was 6.4 mg cm−3.16 The Pt/Ti felt electrode, shown in Figure 1d, was a continuous, 

3.6 mm thick body of sintered titanium fibres (NV Bekaert SA, Belgium), spot-welded to a 0.9 

mm titanium current collector. The cross-sections of the individual titanium fibres were 

rectangular-like, with an average side length of 42.3±4.4 µm. The Pt/Ti felt electrode underwent 

three electroplating steps,48 and the resulting electrodes were termed: Pt/Ti felt ‘A’, Pt/Ti felt 

‘B’ and Pt/Ti felt ‘C’, which had average volumetric Pt loadings of 4.6 mg cm−3, 9.3 mg cm−3, 

and 18.3 mg cm−3, respectively.16 Computer tomography (CT) imaging revealed that Pt was 

deposited in a zone approximately 200 µm deep from the outer surface of the felt electrodes, in 

a plane opposite to the current collector.48 As seen in Figure 1d, this Pt coated zone was still 

porous and represented no more than 5.6% of the cross-sectional area of the electrode; see Table 

1. Given the small volume of Pt, it can be safely assumed that the porosity and pressure drop of 

the plated materials were not significantly altered compared to the bare Ti felt at which the 

pressure drop measurements were performed.  

  



9  
  

Measurement of pressure drop  

The hydraulic pressure drop characteristics of the different porous electrodes were determined 

using the rectangular channel flow cell in Figure 2a. As seen in Figure 2b, pressure taps passed 

through drilled openings in the electrode frame into the flow channel at symmetrical positions, 

10.0 mm below and above the porous electrodes (vertical axis). This configuration permits to 

measure the pressure drop through the porous materials, avoiding that taking place over the 

flow cell manifolds. In order to avoid external flow bypass, silicone rubber gaskets were placed 

in the space between the Pt/Ti plate + ITP and Pt/Ti mesh electrodes and the walls of the acrylic 

flow frame (<1.0 mm). In the case of the Pt/Ti micromesh and felt, this (<0.5 mm) space was 

filled with silicone sealant. Pressure drop measurements were performed with a Digitron 2023P 

manometer (Sifam Instruments Ltd, UK) using the flow circuit shown in Figure 3. The pressure 

taps were connected to the manometer via two polypropylene tubes of 2.0 mm internal diameter 

and a MasterflexÒ L/SÒ (Cole-Parmer Co, USA) peristaltic pump was used to circulate the 

electrolyte. Flow pulsation was removed by connecting a pulse dampener to the pump outlet. 

The temperature of the fluid was maintained at 25.0±0.5 °C with the aid of a thermostatic water 

bath (Grant Instruments Ltd, UK).  

  

The pressure drop through the Pt/Ti plate + ITP, Pt/Ti mesh and Pt/Ti micromesh was measured 

using the positive electrolyte for cerium-based RFBs. However, the pressure drop at the Pt/Ti 

felt exceeded the operational range of the peristaltic pump and was measured instead using 

deionised water, which has a dynamic viscosity of 8.9×10–3 g cm–1 s–1. (The peristaltic pump 

head P/SÒ Easy-loadÒ suffers a decrease in pressure suction capacity over 58.8 kPa.50) These 

values permitted to calculate the permeability of the Pt/Ti felt, while the theoretical pressure 

drop with the battery cerium electrolyte was estimated by considering its dynamic viscosity. 
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The extrapolated pressure drop values are reliable, as solutions of inorganic acids and low 

molecular weight compounds (non-polymers) are Newtonian fluids.51  

  

Determination of electrochemical performance  

A detailed description of the experimental procedure for the determination of the volumetric 

mass transport coefficient 𝑘𝑘$𝐴𝐴& has been provided in a previous work.16 The value of 𝑘𝑘$𝐴𝐴& for 

each electrode was determined as a function of 𝑣𝑣 by the limiting current technique, which relates 

the electrical current under convection-diffusion reaction control to the mass transport 

coefficient of the electroactive species dissolved in the flowing electrolyte and the electrode 

surface area. The current for the reduction of 0.1 mol dm–3 Ce(IV) was measured by 

chronoamperometry at a potential of +0.2 V vs. Hg|Hg2SO4(satd) for increasing electrolyte flow 

rate steps (applied every 15 or 30 seconds) using an Autolab potentiostat connected to a 20 A 

booster (Metrohm AG, The Netherlands).  

  

Results and Discussion  

Hydraulic pressure drop through porous Pt/Ti electrodes  

The pressure drop produced by the electrode materials as a function of mean linear electrolyte 

velocity and Reynolds number, respectively, is presented in Figures 4a and 4b. A wide range of 

pressure drop values are obtained over the diverse structures. ∆𝑃𝑃 increases as a function of the 

mean linear flow rate in each of the 6.0 cm long electrodes. The Pt/Ti felt electrode yields the 

highest ∆𝑃𝑃 (max. 259.5 kPa at 12 cm s–1), followed by the Pt/Ti micromesh (max. 28.8 kPa at 

14 cm s–1). The polypropylene ITP within the Pt/Ti planar electrode flow channel displays ∆𝑃𝑃 

values two orders of magnitude lower than the felt (max. 1.03 kPa at 17 cm s–1). The lowest ∆𝑃𝑃 

is observed at the relatively open Pt/Ti mesh (max. 264.4 Pa at 8 cm s–1). As expected, materials 

with small size pore openings and high surface area offer more resistance to fluid flow.  
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These findings can be contrasted to the pressure drop produced over other porous materials, 

although Reynolds number and normalized parameters such as Darcy’s friction factor and 

permeability are more appropriate for these comparisons, vide infra. As an example, the 

pressure drop through a 4.0 cm long rectangular channel containing an uncompressed 20 ppi Al 

is intermediate between the Pt/Ti mesh and Pt/Ti plate + IPT electrodes,52 see Figure 4a, while 

10 ppi and 40 ppi Al foam can reach up to 420 Pa and 1.42 kPa at a mean linear electrolyte flow 

velocity of 20 cm s–1 of water.52 The pressure drop through inert mesh spacers (3.5 cm long) 

for desalination reactors has been close to 2.0 kPa at a mean linear electrolyte flow velocity of 

30 cm s–1 of the same fluid.53  

  

The combined pressure drop over electrode materials and electrolyte manifolds in 

electrochemical flow cells has also been considered. For instance, the FM01-LC reactor 

containing inert turbulence promoters type ‘D’ and a planar electrode developed pressure drops 

from 1.0 kPa at 5 cm s–1 to 8.3 kPa at 16 cm s–1 when using a 1.0 mol dm–3 Na2CO3 based 

electrolyte;20 see Figure 4a. The overall pressure drop in an ElectroSynCellÒ industrial flow 

reactor, equipped with 60 ppi nickel foam electrodes, was 14.6 kPa at a maximum volumetric 

flow rate of 133.3 cm3 s–1 of 0.5 mol dm–3 NaOH solution,54 of which approximately 1.7 kPa 

appeared over the foam. In a cell containing a carbon felt electrode (length 12 cm) with a 

compression ratio of 80% the pressure drop reached 21.7 kPa at a flow velocity of 20 cm s–1 

using 0.5 mol dm–3 Na2SO4 as fluid.40 These data show that low pressure drop is common in 

reactors using planar or expanded metal electrodes.  

  

Regarding the pressure drop in RFB cells and stacks, little experimental data is available. In a 

10 unit cell (𝐿𝐿 = 108 cm, 𝐵𝐵 = 76 cm, 𝑆𝑆 = 1.0 mm) stack for an utility scale brominepolysulfide 
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RFB, the total pressure drop was 20.0 kPa at an electrolyte mean linear (bromine) electrolyte 

flow velocity of 2 cm s–1.22 This figure is relatively low due to the use of planar electrodes and 

a single turbulence promoter in each unit cell (ε = 0.73). Most of the literature on vanadium 

RFBs reports simulated, rather than experimental data. For instance, the approximate expected 

pressure drop over a single unit cell (𝐿𝐿 = 30 cm, 𝐵𝐵 = 50 cm, 𝑆𝑆 = 3.0 mm) with a carbon felt 

electrode is 15.0 kPa at a channel volumetric flow rate of 9.3 cm3 s–1 in the design by Ye et al.25  

  

Empirical correlation between pressure drop and Reynolds number  

As shown in Figure 5, a logarithmic-logarithmic plot can be used to establish the relationship 

between Δ𝑃𝑃 and the electrode channel 𝑑𝑑𝑑𝑑 in the form of an empirical power law. The 

correlations are predominantly linear (with a squared correlation coefficient, R2 > 0.99). Δ𝑃𝑃 

through the Pt/Ti electrodes in this flow cell can be compared with that in the FM0l-LC reactor41 

and a reactor by Colli et al.,55 both as empty channels and with turbulence promoters. The 

empirical constants 𝑑𝑑 and ℎ for the Pt/Ti electrodes are given in Table 2, along the correlation 

values for compared cells. The values of 𝑑𝑑 are <1 in the compared reactors due to their larger ℎ 

slopes, which cause the intercept to acquire a negative value in the logarithmic plot. In the 

present work, the ℎ slopes indicate lesser increments of Δ𝑃𝑃 as a function of 𝑑𝑑𝑑𝑑.  

  
Darcy’s friction factor for porous Pt/Ti electrodes  

Darcy’s friction factor, 𝑓𝑓*, of the porous electrodes was determined for the range of mean linear 

electrolyte flow rates using Δ𝑃𝑃 measurements according to the relationship:  

  

𝑓𝑓* = 2Δ𝐿𝐿𝜌𝜌𝑃𝑃𝑣𝑣𝑑𝑑2𝑑𝑑                     
 (5)  
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where 𝑑𝑑& is the hydraulic equivalent diameter of the flow channel, 𝐿𝐿 is the length of the porous 

electrode, 𝜌𝜌 is the electrolyte density and 𝑣𝑣 is the mean linear electrolyte velocity. As shown in 

Figure 6, the dimensionless friction factor values fall as the mean linear electrolyte flow rate 

increases due to the 𝑣𝑣H term in the denominator of Equation (5). Figure 6a shows 𝑓𝑓* as a function 

of 𝑣𝑣. The relatively closed Pt/Ti felt material exhibits the highest impediment to flow (𝑓𝑓* = 

2,903 to 78,157), followed by the more open Pt/Ti micromesh (𝑓𝑓* = 173 to 3,399). In this plot, 

Pt/Ti mesh (𝑓𝑓* = 12.6 to 375) and Pt/Ti plate + ITP (𝑓𝑓* = 5.6 to 151) show a very similar 

relationship over the evaluated mean linear electrolyte flow rate. On the other hand, in Figure 

6b, where 𝑓𝑓* is a function of Reynolds number, the Pt/Ti plate + ITP clearly shows the lowest 

frictional loss in the flow cell.  

  

These values can be compared to those observed at other three-dimensional electrodes in 

measurements carried out in the FM01-LC electrochemical flow reactor (converted from the 

Fanning friction factor) by Brown et al.19 The 𝑓𝑓* values display an interesting apparent trend 

continuity for electrode materials with similar geometry and pore size openings, e.g. the metal 

‘stacked net’19 is comparable to the Pt/Ti micromesh and the ‘expanded metal L’19 to the Pt/Ti 

mesh. The flow is less restricted at open metal mesh electrodes, independently of their 

electrochemical performance. Modified friction factors can also be used in the case of planar 

electrodes19 and roughened parallel plate electrodes.56 Friction factors have also been used to 

relate ∆𝑃𝑃 to the density and viscosity of the electrolyte in electrochemical flow cells.44  

  

Darcy’s permeability of porous Pt/Ti electrodes  

The particular hydraulic perviousness of a porous materials is given by Darcy’s permeability, 

𝐾𝐾. This property is related to ∆𝑃𝑃 by:  
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𝐾𝐾 = JK9                       (6)  
LM 

  

where 𝜇𝜇 is the dynamic viscosity of the fluid. Lower 𝐾𝐾 values indicate more resistance to fluid 

flow and higher Δ𝑃𝑃. The results shown in Figure 7 are in accordance with 𝑓𝑓*. In order of 

increasing average permeability: Pt/Ti felt (𝐾𝐾 = 1.31×10–6 cm2), Pt/Ti micromesh (𝐾𝐾 = 1.67×10–

5 cm2), Pt/Ti plate + ITP (𝐾𝐾 = 4.45×10–4 cm2), and Pt/Ti mesh (𝐾𝐾 = 7.10×10–4 cm2). The lowest 

permeability is shown by the electrode with smallest pore openings, i.e. the felt. Permeability 

values show little change over the evaluated mean linear electrolyte flow rate, except in the case 

of the Pt/Ti mesh, due to the difficulty of eliminating internal and external flow bypass in such 

an open material within a cell of relatively small dimensions. In contrast to 𝑓𝑓*, 𝐾𝐾 values of Pt/Ti 

mesh and Pt/Ti plate + ITP are well differentiated, either plotted against mean linear electrolyte 

velocity or Reynolds number; see Figure 7b. These results can be compared to the permeability 

of a ‘95-02’ compressed aluminium foam for water (ε = 0.88) reported by Boomsa et al.52 and 

shown in Figure 7a. Another grade of aluminium foam (ε = 0.70) had a lower permeability of 

1.2 ×10–5 cm2.57 These structural analogues of RVC58 and nickel foam38 electrodes have a higher 

permeability than Pt/Ti micromesh. The type of carbon felt used in the vanadium RFB has a 

measured permeability of approximately 2.4×10–6 cm2 (ε = 0.96),27 a value below that of the 

Pt/Ti felt.  

  

The Ergun equation  

The pressure drop over a porous body can also be described as a function of mean linear flow 

rate by the Ergun equation:  
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∆ M = 𝑀𝑀𝑣𝑣2 + 𝑁𝑁𝑣𝑣                    (7)  
9 

  

In this empirical correlation, 𝑀𝑀 represents the turbulence forces and 𝑁𝑁 represents the inertial 

forces causing the pressure drop. The first depends on the fluid density, surface area and 

porosity, and the second on the type of porous body and fluid viscosity. As shown in Figure 8, 

the relationship 𝛥𝛥𝑃𝑃(𝐿𝐿𝑣𝑣)ST vs. 𝑣𝑣 is linear for the Pt/Ti micromesh at all mean linear flow 

velocities and for the Pt/Ti felt up to a mean linear flow velocity of 6 cm s–1. The values of the 

empirical constants 𝑀𝑀 and 𝑁𝑁 are given in Table 3. The Ergun plots for a carbon felt electrode 

(ε = 0.98) obtained by Gonzalez-García et al.59 in water are also presented in Figure 8. Different 

grades of felt/compartment thickness ratios (compression) are shown. The empirical constants 

values are also given in Table 3, being intermediate between the micromesh and the felt. In a 

cell with a relative small cross-sectional area open materials such as Pt/Ti mesh and Pt/Ti plate 

+ ITP do not conform to the Ergun equation.  

  

The Ergun constants can be used to estimate the surface area and tortuosity of highly porous 

electrodes, such as foams38 (a corrected relationship is given in 39) or felts,59 and have also been 

related to 𝑘𝑘$𝐴𝐴& values.60 These and other semi-empirical expressions are not universal to all 

porous geometries, e.g., those based on packed-bed models require empirical modifications to 

describe the pressure drop through expanded metal.  

  
Electrochemical volumetric mass transport coefficient, 𝒌𝒌𝒎𝒎𝑨𝑨𝒆𝒆  

The electrochemical performance of each electrode was determined from the limiting current, 

𝐼𝐼9, for the reduction of 0.1 mol dm–3 of Ce(IV) ions in a flow cell. As shown in Figure 9a, the 

limiting current increases with electrodes of large surface area and small pore size. In the case 
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of the Pt/Ti felt electrodes, the content of electrocatalytic Pt on the surface of material has also 

a pronounced effect on increasing the limiting current. Pt/Ti felt A, Pt/Ti felt B and Pt/Ti felt C 

electrodes have an approximate Pt volumetric loading of 4.6 mg cm–3, 9.3 mg cm–3, and 18.3 

mg cm–3, respectively.16 Assuming steady state conditions and convectional diffusion reaction 

control, the volumetric mass transport coefficient 𝑘𝑘$𝐴𝐴& of the respective electrodes is calculated 

from 𝐼𝐼9 in accordance to Equation (3). The log-log plot in Figure 9b presents the relation 

between 𝑘𝑘$𝐴𝐴& and the mean linear flow velocity of the electrolyte. Values stretching over more 

than two orders of magnitude are produced by the different electrode structures. The electrode 

performance expressed as 𝑘𝑘$𝐴𝐴& increases in the following sequence: plate (unrestricted channel) 

< plate + ITP < mesh < felt A < micromesh < felt B < felt C. Micromesh and felt electrodes will 

significantly increase the fractional conversion rate in a given flow cell or RFB in comparison 

to mesh or planar electrodes. A detailed discussion of these results and empirical relationships 

describing 𝑘𝑘$𝐴𝐴& vs. 𝑣𝑣 can be found in a related work.16  

  

Empirical correlation involving 𝒌𝒌𝒎𝒎𝑨𝑨𝒆𝒆, ∆𝑷𝑷 and Reynolds number  

The electrode performance factor 𝑘𝑘$𝐴𝐴& at a given electrolyte mean linear velocity can be related 

to ∆𝑃𝑃 to give a description of to the pump demands of different three-dimensional electrodes. 

This relationship has economic significance and implications to the design of an 

electrochemical flow cell or flow reactor. Figure 10 shows a logarithmic-logarithmic plot were 

the 𝑘𝑘$𝐴𝐴& values of the different Pt/Ti electrodes are plotted against their corresponding ∆𝑃𝑃 for 

a given mean linear electrolyte velocity, which are shown in Figure 4a. The empirical constants 

𝑝𝑝 and 𝑞𝑞 describing each electrode are presented in Table 4. The constant 𝑝𝑝 has higher values 

for electrodes with greater 𝑘𝑘$𝐴𝐴&, while the 𝑞𝑞 exponent appears to be smaller at those producing 

high ∆𝑃𝑃. Materials with large surface area (related to 𝐴𝐴&) and smaller pore sizes enhance mixing 
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and turbulence, producing both higher 𝑘𝑘$ and ∆𝑃𝑃. Permeable mesh electrodes and planar 

electrodes + ITP have a limited surface area, which results in relatively low ∆𝑃𝑃 at the cost of 

poor 𝑘𝑘$𝐴𝐴& values and the associated low rate of electrochemical fractional conversion.  

  

Figure 10 also shows the 𝑘𝑘$𝐴𝐴& vs. ∆𝑃𝑃 relationship for other metallic porous electrodes, as 

measured in the FM01-LC reactor for the reduction of 5.0×10–3 mol dm–3 ferricyanide in a 1.0 

mol dm–3 KOH supporting solution.19 The constants in Table 4 can be contrasted to those 

observed in the FM01-LC reactor. At these structures, 𝑝𝑝 ranged from 7.6×10–4 to 7.2×10–3 and 

𝑞𝑞 varied from 0.22 to 0.64. The values of ∆𝑃𝑃 seem consistent for electrode geometries, but 𝑘𝑘$𝐴𝐴& 

is higher for in the FM01-LC reactor due to the low viscosity of the electrolyte. In comparison, 

the electrolyte used in this study contains 0.8 mol dm–3 of cerium methanesulfonate in 4.0 mol 

dm–3 methanesulfonic acid (𝑆𝑆𝑧𝑧 = 45,348), hence the lower contribution of 𝑘𝑘$ to the performance 

factor. Using semi-empirical expressions, the pressure drop through other porous electrodes has 

alternatively been expressed as a function of 𝐴𝐴&61 and 𝑘𝑘$,60 when one of the terms is accurately 

known.  

  

Returning to Figure 10, permeable three dimensional electrodes, such as Pt/Ti mesh and Pt/Ti 

plate + ITP, yield low pressure drop and require less pumping power. However, the relatively 

low 𝑘𝑘$𝐴𝐴& of the Pt/Ti mesh results in high cell overpotentials in a RFB and implies relatively 

low conversion per pass.16 Furthermore, in the Pt/Ti plate + ITP 𝑘𝑘$𝐴𝐴& is low enough to induce 

concentration polarisation and significant oxygen evolution with associated low voltage and 

current efficiencies in a Zn-Ce RFB.16 On the other hand, the less permeable Pt/Ti micromesh 

presents 𝑘𝑘$𝐴𝐴& values nearly an order of magnitude superior to the Pt/Ti mesh. The Pt/Ti felt has 

the smallest pore openings and therefore the pressure drop experienced by the electrolyte is the 
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highest, although still below a manageable 1 bar (100 kPa) in this cell. In this material, the 

degree of Pt coverage gives different 𝑘𝑘$𝐴𝐴& values. The electrode performance of Pt/Ti felt A 

and Pt/Ti felt B offers no advantage over the micromesh, while the Pt/Ti felt C (highest Pt 

content) shows a superior performance to that of the micromesh at any given electrolyte mean 

linear electrolyte flow rate over 1 cm s–1 (22.9 kPa), although at the cost of higher pressure drop 

in the cell. A Pt/Ti felt with 100% Pt coverage can be expected to improve these results. In a 

complementary work,16 a Zn-Ce RFB afforded cell potentials of 1.2 V and 1.7 V when using 

the Pt/Ti micromesh and Pt/Ti felt C as positive electrodes, respectively, at a discharge current 

density of 100 mA cm–2.  

  

The ∆𝑃𝑃 over electrode materials such as the micromesh and felt can be reduced by shortening 

their effective flow path length, which can be achieved by adopting a flow-across configuration 

(rather than the present flow-by) or electrolyte feeding through interdigitated flow fields 

machined into the bipolar electrodes. For instance, carbon felt electrodes in such configuration 

produce a pressure drop in the range of 500 Pa at 𝑑𝑑𝑑𝑑 = 220 in a 80 mm × 51 mm rectangular 

channel,62 which is comparable to the Pt/Ti mesh electrode; see Figure 4b. The use of thinner, 

fully coated Pt/Ti felt would exhibit high electrode performance and comparatively lower 

pressure drop.  

  

Conclusions  

This work demonstrates the characterization of porous electrodes used in RFBs and other 

electrochemical flow reactors. It is shown that normalized, scalable factors can be calculated 

from pressure drop measurements as a function of mean linear electrolyte velocity. Such factors 

are important, since they enable the comparison of the hydraulic properties of different materials 

and cell designs at different scales. Commercially available porous electrode materials (plate, 
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mesh, micromesh, foam, felt, etc.) and turbulence promoters display a wide range or 

permeability values, implying different pressure drop, pumping power demand and overall 

energy efficiency. Moreover, the hydraulic properties of porous electrodes can be related to 

their electrochemical performance in a quantitative manner. In general, electrodes yielding high 

𝑘𝑘$𝐴𝐴& values have, naturally, larger surface areas and smaller pore sizes which tend to increase 

the pressure drop in the flowing electrolyte at a given mean linear electrolyte flow rate or 

Reynolds number. Such behaviour can be described and predicted by empirical power laws. 

This has been illustrated by the Pt/Ti porous electrodes for Ce-based RFBs here presented. In 

this case, Pt/Ti expanded metal mesh displays an average permeability of 7.10×10–4 cm2, 

followed by the Pt/Ti plate + an inert turbulence promoter at 4.45×10–4 cm2 and the Pt/Ti 

micromesh at 1.67×10–5 cm2. The permeability of Pt/Ti felt is nearly two orders of magnitude 

lower than that of the mesh electrode, 1.31×10–6 cm2. Despite the large variation in the 

permeability of electrodes, pumping losses in well-designed RFB stacks with felt structures are 

generally manageable and high electrochemical performance is usually more important to 

achieve than low pressure drop. In any case, the high pressure drop through micromeshes, foams 

and felts can be reduced by implementing flow-across or interdigitated cell designs, when 

justifiable.  
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Notation  
𝐴𝐴-Z  Electrode projected geometrical area (𝐴𝐴-Z = 𝐿𝐿𝐵𝐵), cm2  

𝐴𝐴&  Electrode area per unit electrode volume, cm–1  

𝐴𝐴-  Cross-sectional of area the electrode (𝐴𝐴- = 𝐵𝐵𝑆𝑆), cm2  

𝐵𝐵  Breadth of rectangular flow channel, cm  

𝑧𝑧  Reactant concentration, mol cm–3  

𝑑𝑑&  Equivalent diameter of a rectangular flow channel, cm  

𝑑𝑑  Empirical constant in equation (2), Pa  

𝑓𝑓*  Darcy’s friction factor , dimensionless  

𝑧𝑧  Faraday constant, C mol–1  

ℎ  Empirical constant in equation (2)  

𝐼𝐼9  Limiting current due to convective-diffusion, A  

𝑘𝑘$  Mass transfer coefficient, cm s–1  

𝑘𝑘$𝐴𝐴& Volumetric mass transfer coefficient, s–1  

𝐾𝐾  Permeability, cm2  

𝐿𝐿  Length of rectangular flow channel, cm  

𝑀𝑀  Ergun’s empirical constant for turbulent forces, Pa s2 m–3  

𝑁𝑁  Ergun’s empirical constant for laminar flow, Pa s m–2  

𝑝𝑝  Empirical constant in equation (4), s–1  

𝑞𝑞  Empirical constant in equation (4)  
𝑄𝑄\  Volumetric flow rate, cm3 s–1  

𝑑𝑑𝑑𝑑  Reynolds number, dimensionless  

𝑆𝑆  Channel separation between electrode and membrane, cm  

𝑣𝑣  Mean linear flow velocity of electrolyte, cm s–1  

𝑧𝑧&  Overall volume of electrode, cm3  
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𝑧𝑧  Electron stoichiometry, dimensionless  
Greek letters  
𝛾𝛾  Aspect ratio of flow channel, dimensionless  

Δ𝑃𝑃  Pressure drop, Pa  

𝜀𝜀  Volumetric porosity, dimensionless  

𝜈𝜈  Kinematic viscosity of the electrolyte, cm2 s–1  

𝜇𝜇  Dynamic viscosity of the electrolyte, g cm–1 s–1  

r  Fluid density, g cm–3  
Abbreviations  

ITP  Inert turbulence promoter  

Pt/Ti  Platinized titanium  

RFB  Redox flow battery  

RVC Reticulated vitreous carbon  
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Figures  

  

Figure 1. SEM images of the porous structures of the evaluated Pt/Ti electrodes: a) polypropylene  

inert turbulence promoter (ITP) used in the Pt/Ti plate + ITP electrode, b) Pt/Ti mesh, c) 

Pt/Ti micromesh, d) Pt/Ti felt C. In these images, the overall direction of fluid flow through 

the materials is from left to right.  
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Figure 2. a) Filter-press type flow cell used in the measurement of pressure drop. b) cross-section of  

assembled flow cell. 1,5 compression plates; 2, acrylic polymer flow channel; 3, silicone 

gasket; 4, acrylic polymer electrode frame with manifolds and pressure taps; 6, porous 

electrode. Bolts are not shown.  
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Figure 3. Recirculation system used in the pressure drop measurements.  
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Figure 4. Pressure drop vs. a) electrolyte mean linear electrolyte velocity, b) Reynolds number for  

different electrode materials. Electrolyte composition: 0.8 mol dm–3 Ce(III) in 4 mol dm–3 

MSA at 25 °C. Results are compared to the FM01-LC reactor (promoter type ‘D’)20 and an 

uncompressed 20 ppi Al foam by Boomsa et al.52  
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Figure 5. Pressure drop as a function of Reynolds number for different Pt/Ti electrode materials. 

Pressure drop measured in a solution containing 0.8 mol dm–3 Ce(III) in 4 mol dm–3 MSA at 

25 °C. Results are compared to the FM01-LC reactor (5.5 mm interelectrode gap)41 and the 

reactor by Colli et al. (1.0 mm interelectrode gap),55 both with empty flow channels and with 

turbulence promoters.  
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Figure 6. Darcy’s friction factor vs. a) electrolyte mean linear electrolyte velocity, b) Reynolds  

number for different electrode materials. Electrolyte composition: 0.8 mol dm–3 Ce(III) in 4 

mol dm–3 MSA at 25 °C. Results are compared to the friction factor of metal electrodes in 

the FM01-LC reactor, as given by Brown et al.19  
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Figure 7. Darcy’s permeability vs. a) electrolyte mean linear electrolyte velocity, b) Reynolds  

number for different electrode materials. Electrolyte composition: 0.8 mol dm–3 Ce(III) in 4 

mol dm–3 MSA at 25 °C. Results are compared to a compressed ‘95-02’ Al foam by Boomsa 

et al.52  
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Figure 8. Ergun plots for the different electrode materials. Electrolyte composition: 0.8 mol dm–3 

Ce(III) in 4 mol dm–3 MSA at 25 °C. Results are compared to a carbon felt electrode with 

different electrode/compartment thickness compression ratios by González-García et al.59  
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Figure 9. Determination of the electrochemical performance of Pt/Ti porous electrodes. a) Limiting  

current, 𝐼𝐼9, for the reduction of 0.1 mol dm–3 Ce(IV) in an electrolyte containing 0.7 mol 

dm–3 Ce(III) in 4 mol dm–3 MSA at 25 °C. b) Log-log plot of volumetric mass transport 

coefficient 𝑘𝑘$𝐴𝐴& as a function of mean linear flow rate.  
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Figure 10. Volumetric mass transport coefficient as a function of pressure drop for different Pt/Ti  

electrode materials. Current data for 𝑘𝑘$𝐴𝐴& was obtained by chronoamperometry at 0.2 V vs. 

Hg|Hg2SO4(satd) in 0.1 mol dm–3 Ce(IV) + 0.7 mol dm–3 Ce(III) in 4 mol dm–3 MSA at 25 °C. 

Pressure drop measured in a solution containing 0.8 mol dm–3 Ce(III) in 4 mol dm–3 MSA at 

25 °C. Results are compared to porous electrodes in the FM01-LC reactor with an electrolyte 

containing 5.0×10–3 mol dm–3 ferricyanide in 1.0 mol dm-3 KOH at 25 °C.19  

    
Tables  

  

Table 1. Dimensions and hydraulic characteristics of the porous platinised titanium electrodes in the  
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rectangular channel flow cell. ITP: Inert turbulence promoters.  

Electrode  Length,  

𝐿𝐿 / cm  

Breath,  

𝐵𝐵 / cm  

Height, 𝑆𝑆  

/ cm  
Equivalent 

hydraulic 

diameter,  

𝑑𝑑& / cm  

orosity,  

𝜀𝜀  

Volume,  

𝑧𝑧& / cm3  
Projected  Cross-  

area, 𝐴𝐴-Z / sectional 

cm2  area, 𝐴𝐴- /  

cm2  

Pt-Ti plate  

+ ITP  

6.0  4.0  0.36  0.65  0.78  8.5  24.0  1.42  

Pt-Ti mesh  6.0  4.2  0.74  1.26  0.71  18.7  25.2  3.11  

Pt-Ti 
micromesh  

6.0  4.0  0.26  0.48  0.53  6.2  24.0  1.02  

Pt-Ti felt  

(A, B and  

C)  

6.0  4.0  0.36  0.66  0.80  8.64  24.0  1.44  

  

  
    
  

Table 2. Constants in the power law Δ𝑃𝑃 = 𝑑𝑑𝑑𝑑𝑑𝑑6 describing the relation between pressure drop and 
Reynolds number through platinised titanium porous electrodes. ITP: Inert turbulence 
promoters.  

Electrode  𝑑𝑑 / Pa  ℎ  Ref.  

Pt-Ti plate + ITP  10.1  0.82  This work  

Pt-Ti mesh  9.2  0.61  This work  

Pt-Ti micromesh  114.6  1.07  This work  

Pt-Ti felt (A, B, C)  1083.2  1.07  This work  
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FM0l-LC reactor 
(empty channel)  

6.9×10–3  1.39  [40]  

FM0l-LC reactor 
(promoter ‘C’)  

4.0×10–2  1.25  [40]  

Colli et al.  
(empty channel)  

2.0×10–2  1.29  [52]  

Colli et al.  
 (promoter ‘EPM2’)  

4.1×10–2  1.61  [52]  

  
    
  
Table 3. Ergun constants for the relation between pressure drop and Reynolds number through 

platinised titanium porous electrodes. ITP: Inert turbulence promoters. Carbon felt constants 
calculated from Gonzalez-García et al.[56] The ratio denotes felt to channel thickness.  

Electrode  𝑀𝑀   𝑁𝑁  Ref.  

Pt-Ti micromesh  4.90×106  2.89×106  This work  

Pt-Ti felt (A, B, C)  4.39×107  3.93×107  This work  

Carbon felt 8/8  1.66×107  4.03×106  [56]  

Carbon felt 9/8  4.93×107  9.19×106  [56]  

Carbon felt 13/8  6.66×107  1.61×107  [56]  
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Table 4. Constants in the power law 𝑘𝑘$𝐴𝐴& = 𝑝𝑝Δ𝑃𝑃@ describing the relationship between pressure drop 
and volumetric mass transport coefficient through platinised titanium porous electrodes. ITP: 
Inert turbulence promoters.  

Electrode  𝑝𝑝 / s–1  𝑞𝑞  Ref.  

Pt-Ti plate + ITP  4.6×10–5  0.60  This work  

Pt-Ti mesh  6.5×10–5  0.81  This work  

Pt-Ti micromesh  1.7×10–3  0.36  This work  

Pt-Ti felt A  1.5×10–3  0.23  This work  

Pt-Ti felt B  2.3×10–3  0.24  This work  

Pt-Ti felt C  2.5×10–3  0.29  This work  

Expanded metal S  7.2×10–3  0.22  [19]  

Expanded metal L  2.7×10–3  0.44  [19]  

Twin grid  2.7×10–3  0.37  [19]  

Metal foam  3.9×10–3  0.47  
[19]  

Stacked net  7.6×10–4  0.64  [19]  
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