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Electrolyte Materials and Physical Chemistry for Electrochemical Devices 

Overview 

In this effort, we studied several series of electrolyte materials, including preparing several new 

conductors. While emphasizing the electrolyte behavior, we probed the physical chemistry and 

transport in several types of systems (polymer/concentrated electrolyte, organic proton 

conductors, composite electrodes). Our electrode work also continued some activity aimed at 

using electroactive mediators present in the electrolyte to explore the possibility of carrying out 

mediated oxidation of bio-derived materials to liberate hydrogen. 

This work results in a collection of data on the behavior of electrolytes of substantial scope, 

leading to the development of new understanding in an area of physical chemistry that was 

previously neglected. 

Accomplishments 

Membranes and Separators 

Key targets for improvement of membranes for RFB applications are the membrane resistance 

and reagent cross-over. We addressed these aspects by building our fundamental understanding 

of membrane behavior and by developing a database of membrane operational properties, 

including the testing and deployment of new membrane materials. We developed a new 

theoretical framework for the interpretation of fundamental electrolyte uptake behavior for 

membranes exposed to bathing solutions of high concentration. We studied both anion and cation 

conducting membranes from external sources and via our own internal preparation. Both 

perfluorinated and hydrocarbon ion exchange materials were studied, as will our cross-linked 

gels. 

Experimental Physical Chemistry 

Perhaps the most important limitation in flow batteries is the tendency of ions and water to be 

transported across the membrane or separator. Our work has focused on the underlying aspects 

of this process. Membranes for RFBs serve as one motivator for this type of work. We probed 



chemistry of membranes in contact with solutions appropriate to a range of applications. Our 

goals are extending our knowledge of the behavior of membranes in these situations while also 

developing some physical generalizations to explain the observed behavior. Given the diversity 

of possible situations relevant to RFBs and other membrane applications, we studied several 

different situations, including equilibrated solutions ions other than protons and also 

concentrated solutions of acid with membranes. In the latter case, we sought to put the 

description of ion exchange membrane behavior on firm footing. 

II. 1 Physical Chemistry of Membranes in the Flow Battery Environment 

In one study, we compared the behavior of ion exchange membranes loaded with potassium 

and sodium ions. Ion exchange membranes are in use in a range of situations in which they are 

exposed to solutions of electrolytes, sometimes quite concentrated solutions. Applications 

include a variety of electrochemical reactor systems employing continuous flow such as redox 

flow batteries, desalination units, electrosynthesis reactors and so on. These use several different 

types of membranes to maintain or achieve separation of incompatible solutions. The most 

widely used membranes, the perfluorinated sulfonic acid (PFSA) membranes employ 

perfluorinated backbones, which ensures good mechanical and chemical durability of the 

polymer structure, and sulfonate-terminated side chains with exchangeable counterions. Over the 

past few decades, the archetypal PFSA membrane, Nafion®, commercialized by Du Pont, has 

been extensively studied. In many applications, Nafion® exhibits excellent thermal and chemical 

stability[l], water management[2-4], as well as good ionic conductivity[5]. The hydrophilic 

sidechains with absorbed water form ion clusters and aggregates distributed through the whole 

polymer membranes. These hydrophilic clusters are phase-separated from fluorocarbon 

backbones and have estimated average diameters in the range of 30~50 A for H+ form Nafion®. 

The ion exchange character of the material promotes cation and water uptake and transfer across 

the membrane but hinders the transport of anions[6]. 

The most intensively analyzed application of PFSA membrane is in fuel cells, in which the 

polymer membranes functions as a separator for reactants Hz and Oz and as an electrolyte 

allowing H+ ion transport through the membrane to accomplish electrochemical reaction[7]. 

Therefore, the studies have been primarily focused on the H+ form PFSA membranes[8-15]. As 

emphasis on other electrochemical applications such as redox flow batteries[ 16, 17], 

desalination[18] or electrochemical reactors[19] increases in response to the availability of 



‘renewable electrons’ on the grid, it is important to take account of membrane behavior at a 

broader and deeper level than previously studied[20, 21]. With this wider array of devices, we 

are beginning to focus more intently on the behavior of cations other than protons. In the 

following, we discuss behavior in several different PFSAs. We add literature conclusions 

regarding some other membranes, but the discussion is dominated by results from studies of 

Nafion®. 

Among important situations to consider are those in which multiple ions are present. This 

situation might occur in membrane processes, for example, involving natural waters in contact 

with membranes used in wastewater treatment and desalination processes or in membranes in 

redox flow batteries in contact with electrolytes in which multiple cations are present. In such 

cases, membranes interact with multiple cations, possibly with various valence states. 

Partitioning of ions, such as alkali metal, alkaline earth metal and quaternary ammonium ions, 

into the Nafion'* perfluorosulfonate membrane was studied extensively by Pintauro, Yeager and 

others[22-30], Yeager[26] found that the cations with smaller hydration energies release more 

energy from electrostatic interactions, thereby driving preferential interactions with the sulfonate 

side chains and exchange into polymer membranes. The order of ionic selectivity for univalent 

ions is Cs+>Rbf>Tlt>Kf>Na+>Ag+>Li+; the order for some divalent ions is 

Ba2+>Sr2+>Ca2+>Ma2+>Co2+>Zn2+[26]. In addition, selectivity between the univalent and 

bivalent ions has also been investigated[23, 27, 28], Selectivity is in the same order as in 

univalent mixtures. The divalent cation concentration absorption does not follow a size- 

dependent absorption sequence, but it is a function of the type and membrane phase 

concentration of co-absorbed monovalent ions[23]. For example, between 10% and 85% of the 

sulfonate exchange sites are found to be neutralized by bound Pb2+ or Cd2+, with the extent of 

binding increasing with the surface charge density of co-absorbed univalent cations and 

decreasing with increasing of total external salt concentration [27]. 

The transport of water and charger carriers in PFSA membrane is technically important since 

the current through the device employing polymer membranes depends on these parameters. 

Understanding transport of cations and water in the membrane may give insight into some 

practical problems in devices. Multiple factors contribute to the observed transport properties. 

Intrinsic cation mobility differences, driven by size and valence effects are of course important. 

Water uptake is variable in different ionic forms and low water uptake in the membrane results in 



increasing ionic resistance in a device since the ionic conductivity of polymer membrane 

dramatically decreases when the membrane water is low. There is some literature focusing on the 

study of water uptake, ion and water transport of the non-H* form Nafion®. The water uptake A., 

i.e. the number of water molecules per sulfonate ion exchange site, usually decreases with 

increasing radius of univalent counterions in the membrane or decreasing of hydration energy. 

The only exception is: in some report[31-34], the water uptake of Li+ form Nafion® is 

comparable to the one of H4 form Nafion" at higher water activity but lower at low water 

activity due to the small effect of cationic interactions while the membrane equilibrated at high 

water activity environment (>0.7). The A of sodium ion form Nafion® 120 is 11.9, while the 

cesium ion form has a water uptake of 6.6[35], In another report[2], H* form Nafion® 117 

showed the highest water uptake, 19.5 wt%, compared with membranes exchanged with other 

univalent ions such as Li \ Na+, Kf, Rb+. The Rb+ form Nafion® 117 has only 6.3 wt% water 

uptake. Divalent ions, such as Mg2+, Ca2+, Sr2+ and Ba2+, Nafion® 117 typically have 15 wt% 

water uptake. 

The effect of the cations themselves on conductivity is also a critical factor in which we are 

interested. As reported by Hongsirikarn et al.[36], the Na+, Ca21 and Fe3+ form Nafion® 211 

membrane have very similar conductivity under similar conditions, i.e. in deionized water at 

25°C or in the gas phase at 80°C, but slightly lower conductivity than the NH/ form membrane. 

The conductivity of H+ form Nafion® 211 membrane is more than 12 times higher than metal ion 

form membranes at 25°C in deionized water, and 6 times and 125 times greater in the gas phase 

at 100% RH or at 20% RH, 80°C[36]. 

Volkov et al.[37] reported some conductivity data for alkali metal form perfluorinated 

sulfocation membrane MF-4SC membrane. The fully hydrated MF'4SC has a conductivity of 

0.028 S cm-1 for Fl+ form membrane with A=15.8, 0.0061 S cm-1 for Li+ form membrane with 

A=13.3, 0.0062 S cm'1 for Na+ form membrane with A=9.2 and 0.0003 S cm'1 for Cs+ form 

membrane with A=9.7. Even though it contains much less water than a Li+ form membrane, the 

Na'1 form membrane still shows a slightly higher conductivity. When compared to Cs+ form 

membrane, the Na+ form membrane exhibits lower water uptake but much higher conductivity. 

These data show that water uptake and ionic conductivity of alkali metal form MF-4SC do not 

follow a simple sequence of water uptake as a function of ion diameter. 



The apparent water diffusion coefficient in PFSA membranes also changes with the cation 

form. As reported by Yeager and co-workers, Na+, K+ and Cs^ form Nation "' 120 show a water 

diffusion coefficient of 2.65 xlO'10 m2 s'1, 2.15 xiC)'10 m2 s'1 and 1.32 xlO'11 m2 s"1 respectively, 

while the membranes were equilibrated in liquid water at 25°C[35]. When the Nation® 115 is 

fully hydrated at 25°C, the water diffusion coefficient of Hf form membrane is about twice of the 

value in Na+ form membrane but only about 1/3 of the value in bulk water[38]. Again, both 

cation properties and total water uptake affect these values. 

For both competitive partitioning and transport, all of the aforementioned studies were carried 

under conditions of complete hydration, i.e. with the membrane exposed to liquid water at near 

unity activity (on a mole fraction basis). However, the use of these materials in many 

applications entails a regime that is quite different from this simple case. The behavior of 

membranes in contact with concentrated solutions of salts is not widely reported. We have 

begun a program of systematic study of such situations, focusing to date on the vanadium redox 

flow battery[39]. The water and ion uptake and transport in the membrane-concentrated 

electrolyte system is significantly more complex than that of a simple one for one ion exchange 

situation studied above. The water content of membranes under such circumstances can be 

significantly lower than it is in the absence of imbibed salt and high water activity. It is therefore 

important to assess aspects of the behavior as a function of water content as a baseline for such 

studies. 

Over the course of several decades, the materials used as cation exchange membranes have 

evolved since the early work on exchanged Nafion®. As we embark on the study of multiple 

situations with different membranes and ions, we need to establish similarities and differences 

between Nafion® and other PFSAs. PFSA membranes studied in this work are the 3M ionomer, 

which is a PFSA polymer membrane with equivalent weight (EW) 825. Similar to Nafion®, the 

3M PFSA membrane also contains fluorocarbon backbones and sulfonate exchange sites but the 

sidechain structure is different, leading to different properties[15, 40, 41], 

In this work, we present a study of the partitioning and transport of simple monovalent cations 

KP and Na+ for membranes in various hydration states by contact with the vapor phase of 

different LiCl solutions. The latter allows us to understand some of the implications of lowered 

water content on ions in membranes. Cases in which only one ion is present and those in which 

there is a mixture of ions are both of interest since these ions are the most common cations used 



in salts in various applications. We describe the water uptake, conductivity and water transport in 

membranes which we have exposed to KOH/NaOH solutions containing different mole fractions 

of the ions. We report the morphology difference between K+ form and Na+ form membranes by 

transmission electron microscopy (TEM). Fourier transform infrared spectroscopy (FT-1R) was 

applied to analyze the interactions between cation, sulfonate and water molecules in the 

membranes. The information obtained from these studies helps to better understand the 

fundamental properties of alkali metal form membranes and provides guidance for the 

application of PFSA membranes in electrochemical devices. One important finding is that the 

simple interpretation of the ion interactions in temis of a single parameter (ion hydration energy) 

only tells part of the story. 

The water uptake, density and conductivity of membranes were determined at various 

hydration states of K+, Na+ and K+/Na ' mixed fonn perfluorosulfonate membranes. Water uptake 

decreases with increasing K4 content in the membrane, consistent with increasing average cation 

size and decreasing hydration energy. However, for membranes at the same water content, the 

conductivity increased With, increasing Kf fraction, in spite of the fact that the size of K+ is larger 

than that of Na+. Analysis of data on the basis of percentage conducting volume reveals that the 

membranes with higher K4 content show a much higher conductivity (with higher cation 

mobility) at percentage conducting volumes higher than 10%. One reason for this behavior may 

be due to a higher extent of dissociation for K+ from the fixed anion site. TEM results show a 

larger cluster size in KT fonn membranes, another possible reason for faster K.H transport. Pulsed 

field gradient (PFG) Nuclear Magnetic Resonance (NMR) shows that the water diffusion 

coefficient in the membranes with higher K+ fraction is higher than for samples with lower K+ 

fraction. FT-IR bands shift with the change of cation content, supporting the suggestion of a 

higher degree of cation-sulfonate dissociation and weaker hydrogen bonding interactions 

between cation and water molecules for membranes with higher K+ content. 

The water uptake by PFSA membranes is plotted as a function of water vapor activity in Figure 

!. The typical error of repeat water uptake measurements is within ± 0.7 in the worst case. The 

error bars for data for a Na+ fonn membrane is plotted in the figure as an example. As expected, 

the water uptake of K+ and Na+ form membranes is much less than the one of H+ form 

membrane, and it decreases as the water vapor activity is decreased from 1 to 0.14. Generally, 

the water uptake of the membranes equilibrated at the same water vapor activity decreases with 



the increase of K.H content in the membranes. The sorption isotherms of Na+ form membrane 

show a slight difference in shape relative to the other membranes, with a somewhat flatter rise in 

the curve between aw of 0.6 to 0.8. We believe the disparity of sorption isotherms simply reflects 

measurement variance for the pure sodium form behavior. Following Yeager, we suggest that the 

lower water uptake by membranes with K ' and Na+ may be due to a smaller extent of ionic 

hydration (hydration energy: K+: -348.53 kJ mol'1; Na+: -428.02 kj mol'1), and lower swelling 

due to increases in Young’s modulus upon ion exchange [33]. Compared to the H+ form 3M825 

PFSA membrane with highest water uptake k ~14 at aw=l [42] the K+ form, Na+ form and K+/Na+ 

mixed form membranes show much lower water uptake. Again, this is because of the much 

smaller hydration energy for the K+ and Na+ forms than for the H+ form membrane[46]. We have 

observed similar trends for many different cation-form membranes[42]. The maximum water 

uptake drops from 6.9 for Na+ form membrane to 3.0 for K1 form membrane, while the three 

mixed form membranes have X = 5.9, 5.4 and 5.1 respectively, as the K.+ content increases in the 

membranes at aw=l. Again, the decrease in water uptake as K+ content increases is explained by 

the hydration energy of cation. As reported previously, the amount of loosely bound water in the 

high aw region in the PFSA membrane dramatically decreases with the decrease in the hydration 

energy of the cation[46, 47] since the driving force for water uptake is significantly provided by 

cation hydration. 
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Figure 1. (a) Water uptake of 3M PFSA membranes as a function of water vapor activity aw at 25 

°C; (b) Density of 3M PFSA membranes as a function of water content at 25 °C. 

The density of membrane was measured after the membrane was equilibrated at different water 

vapor activity and the results are shown in Figure 1(b). The density decreases as the water uptake 



increases, which has been observed for H+, Li+, NtU4 and TEA4 fonns 3M membrane[42]. This 

is attributed to membrane swelling after the absorption of water and the addition of less dense 

water into the more dense PFSA membrane. Membrane densities varies between 2.12 g cm'3 and 

2.62 g cm'3. It appears that the membranes with higher K4 content show a slightly higher density 

when compared at the same water content, and the density of all alkali metal form membrane in 

this report is about 10% higher than the one of Hh form membrane. The most likely reason for 

the discrepancy is the weight difference of cations in these membranes, i.e. EWK+ > EWNa+ > 

[48-51], 

The membrane conductivity data measured for various membranes with different cation content 

is plotted versus the water content X in Figure 2(a). The membrane conductivity increases as the 

K' percentage increases at the same water content. Even though the highest water uptake of K+ 

form membrane (K+/Na+ 98.5%/0%) is only about 3, its conductivity is as high as 0.031 S cm"1. 

The Na' form membrane (K'/Na4 0%/97.3%) with the highest water uptake X=6.9 only show a 

conductivity of 0.021 S cm'1. Some aspects of all PFSA-type membranes are conserved. Similar 

results of higher conductivity for membranes with larger cations and less water uptake was 

reported previously. Volkov, et al[37] described a perfluorinated sulfocation membrane MF-4SC 

and a perftuorocarboxylate membrane F-4CF prepared in H+, Li+, Na+, K+ and Cs+ forms. The 

order of water uptake of F-4CF is H+>Li4>Na4>Cs4, which follows the opposite order of their 

ionic size, but the order of the conductivity for sulfonated MF-4SC membrane is H+> 

Na+>Li+>Cs4. For the F-4CF membrane, except for their finding that FI4 fonn membrane shows 

a smallest water uptake, the other three cation fonns follow the same trend as the MF-4SC 

membrane for water uptake, and the order of conductivity for them is Cs+>Na+>Li+>H+ at the 

same water uptake. Moreover, their fully hydrated polymers show conductivity in the order as 

K,~Na+>Lit' for similar sulfonate group concentration/ion exchange capacity[37]. 

The molar conductivity of these PFSA membrane electrolytes can provide some insight into the 

behavior of the ions. The molar conductivity normalizes the ionic conductivity by the total salt 

concentration in the polymer membranes. Generally, more dilute electrolytes have higher molar 

conductivity, reflecting the increased tendency toward ion pairing and aggregation as 

concentration increases. The molar conductivity increases slowly with dilution and approaches a 

limiting value as the concentration of electrolyte approaches zero. The molar conductivity of 



weak electrolytes (incompletely dissociated) depends more strongly on concentration. The molar 

conductivity of K1 and Na+ form membranes was calculated using Equation 4. 

1000*0- 

(4) 

Where C (in units of mol L'1) is the concentration of charge carrier in the PFSA polymer 

membranes. 

Following some of our recent analyses, the definition of C here has possible two forms. First, the 

concentration C can be considered as the cation concentration in the whole membrane + water 

system. In this case, the cation concentration in membrane basis Gn+w can be calculated from 

Equation 5: 

„ _ ncation _ 1 r. 

^ “ Em+W “ MWm+A*MWw W 

Pm+w 

Where pm+w is the hydrated membrane density that we measured through pyconometry; MW,„ is 

the equivalent weight of ionomer, ricaiion is the number of moles of cations. For 1 unit of hydrated 

membrane, the mass is the sum of MWm and associated water; MWw\s the molar mass of water. 

For a second possible definition, the concentration C is calculated as the cation concentration in 

the water phase of PFSA membrane, Cw. 

^ _ ^-cation _ * 

w " ^“ A * MWw W 

Pw 

At high water content, water molecules solvate the cation and promote the dissociation of cation- 

sulfonate groups, decreasing the influence of the bound sulfonates on cation transport. These 

cations move through water in the polymer as if they are moving in a liquid environment[52]. 

Therefore the cation concentration in the water phase alone might be considered. In two previous 

papers[52, 53], we investigated the transition from membrane basis and water basis by 

discussing the applicability of Nemst-Einstein equation using the cation diffusion coefficient 

data and conductivity data for NELf form and Li4 form PFSA membrane[52] and by carrying out 

a similar analysis in an AEM for bicarbonate[53]. Frankly, in this work, we are not able to give a 

clear interpretation about how to choose the basis for the concentration discussion due to the 

difficulty of measuring K4 or Na4 diffusivity. Therefore, we calculated molar conductivity using 

both Cm+W and Cm. This discussion will be mainly focused on the comparison of the transport 

properties of K+ form andNa+ form. The molar conductivity data calculated from Equation 4-6 is 



plotted in Figure 2(b). As shown in Figure 2(b), the molar conductivity of K+ form membrane 

decreases from 11.0 S cm2 mol'1 to 0.007 S cm2 mol"1 as the concentration increases, while that 

of Na+ form membrane decreases from 9.9 S cm2 mol'1 to 0.001 S cm2 mol'1. Regardless of 

whether we use the membrane basis or the water basis, the molar conductivity of K+ form 

membrane is higher than that of Na1 form membrane. The molar conductivity of both K+ form 

and Na+ form membrane dramatically decreases as the cation concentration increases, which 

evidences that these polymer membranes should be defined as weak electrolytes with partially 

dissociated K+ and Na*. 
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Figure 2 (a) Measured membranes conductivity as a function of water content; (b) The 

comparison of molar conductivity of K+ and Na+ in various environments (Insert: magnified 

figure of molar conductivity on the membrane basis of K+ form and Na+ form membrane). 

Based on the PMV discussion, we are able to provide some discussion of volume-based 

parameters, such as percentage conducting volume (PCV). Actually, Kim and Pivovar [54, 55] 

reported the calculation of the PCV of PFSA membranes without taking into account the 

variation of VpM,m and VpmiW at various hydration states. Therefore, we introduced another 

expression for PCV’ in Equation 7, which is a more appropriate method. 

PCV — ^h2° in membrane _ ^Wpjvr.w ^ ^QQ0/q 

^Hydrated membrane Vq 

The conductivity of these membranes increases significantly with the PCV’ values and the K+ 

form membrane shows a much higher conductivity than does the Na4' form membrane. We 

suggest that at low water content, Kh and Na1 both associate with the sulfonate sites and are 

mostly not free for transport within the polymer membrane. At higher water content, K4 ions, 



with larger size and smaller surface charge density, exhibits a smaller electrostatic interaction 

with sulfonate groups, facilitating dissociation from fixed anions. The conductivity of the Na+ 

form membrane starts to level off at PCV’>20%, which may be due to a dilution effect of the 

charge carriers at higher water uptake. 
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Figure 3. The conductivity of K4‘ form and Na4 form membrane as a function of percentage 

conducting volume PCV’. 

The cation mobility in KT form and Na4 form membranes was calculated using Equation 8. 

a 
^cation* ~ r- ^ (^) 

^cation4' “ '^cation4' 

Where a is the membrane conductivity; zcation+ is the valence of cation; F is the Faraday 

constant, 96500 Cmol'1, and xication+is the mobility of cations in the membrane. Flere, Cca[ion+ 

were also discussed in both membrane basis and water basis as shown above. 

As shown in Figure 4(a), the K+ and Na4 mobility both show a range of mobility values of I0"4 to 

10 9 cm2 V‘l s'1 over the water uptake range, and the mobility dramatically decreases as the water 

content decreases. Comparing the mobility for the two types of membranes calculated using the 

two methods, i.e. a water basis and membrane basis, the K+ mobility is always much higher than 

the Na4 mobility when the membrane has similar water content. The results show higher ionic 

conductivity and cation mobility of K* form membrane than Na4 form membrane when they are 

compared at the same water uptake level. As noted above, the higher mobility of K4 can be 

ascribed to the cation-anion dissociation effect. The cation with larger radius has lower surface 

charge density and would be supposed to have weaker ion-ion interactions with sulfonate groups 

and a consequent higher cation-anion dissociation degree. Therefore, at the same water content, 



K+ ions are more free to move than Na+ in the polymer membrane, with the cation-anion 

dissociation effect dominating. 

PFG-NMR is a widely used and direct method for measurement of water mobility. Figure 4(b) 

shows the water diffusion coefficient of five different membranes as a function of water content. 

The highest values of DH20 for K+form membrane and Naf form membrane are 1.4xlOn m2 s'1 

and 3.8xl O'11 m2 s"1, respectively. These values are much smaller than the 6.6 xitT11 m2 s'1 of Fl+ 

form 3M PFSA membrane as we reported previously[42], DH20 (K+ form membrane) is 

obviously higher than the DH20 (NaH form membrane) when compared at the same water content. 

Our results agree well with the water diffusion data for MF-4SC membrane reported by 

Volkov[37], which the water diffusion coefficient in the membrane decreases in the order 

H+>Cs+>Na+>Li+. We interpret the higher water diffusion coefficient in our Kf form membrane 

relative to the Na+ form to be related to the lower hydration energy of K+ cation, leading to 

weaker water-cation interaction. This would yield more loosely bound (and free) water 

molecules in the Kf form membranes. 
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Figure 4 (a) Cation mobility of Kf and Na+ mobility in PFSA membrane versus water content X 

(b) Water diffusion coefficient of five different PFSA membranes as a function of water content 

X. 

FT-1R spectra were recorded over the range 500 cm"1 to 4000 cm'1 for five hydrated PFSA 

membranes with various K+ contents. The spectra are shown in Figure 5(a). The strong 

absorption bands at 1100-1200 cm"1 are assigned to overlapping CF2 and CF3 stretching 



bands[62, 63], The absorption peak at 1050 ~ 1065 cm'1 was fitted and separated into two bands. 

These arise from the symmetric stretching vibration of SOt. The presence of a multicomponent 

band shape reveals two different SO3' chemical environments in the membrane. As reported in 

the literature[63], stronger cation-sulfonate interaction induces the polarization of the S-0 dipole, 

leading to positive shift of vso-. Therefore, it is reasonable to assign the higher frequency band 

(band 2) to the highly associated sulfonate group (cation-sulfonate association), while the lower 

frequency band (band 1) is assigned to those sulfonate groups which do not interact strongly with 

cations. The peak position of these two vso- for different membranes is plotted as a function of 

potassium percentage, shown in Figure 5(b), where the correlation of the cation ratio with the 

wavenumbers of may provide information about the strength of cation-sulfonate 

interaction. The two bands both move to lower frequency as the K+ percentage increases, 

revealing a decreasing polarization/electrostatic field. This suggests a higher degree of cation- 

sulfonate group dissociation if simply interpreted. This seems to contradict the general 

understanding of ion-association in these systems, which posits that the larger alkali metal ions 

show a higher degree of ion pair formation[29, 64]. However, the K+has significantly lower 

surface charge density than Na+ and therefore would be expected to be less polarizing with 

respect to the sulfonate band. 
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Figure 5(a) FT-IR spectra of various membrane forms; (b) Magnified spectra of symmetric 

stretching of SOj' (Insert: wavenumbers of symmetric stretching of SOj"); (c) Magnified spectra 

of OH stretching vibration band (Insert: wavenumbers of OH stretching vibration band); (d) 

Magnified spectra of OH bending vibration band (Insert: wavenumbers of OH bending vibration 

band). 

The OH stretching modes v0H at 3300- 3600 cm-1 also consists of two sub-bands. Following 

Falk, the lower frequency band 1 is assigned to hydrogen bonded OH and the higher frequency 

band 2 is assigned to non-hydrogen bonded OH[62, 63], It is known that the frequency of v0H 

bands decrease with increasing strength of hydrogen bonding[63]. This agrees with our results 

that v0H decreases as the K+ percentage becomes lower and also agrees with the aforementioned 



argument that uptake and transport results are caused by effects derived from the higher 

hydration energy of Na+vs. K+. The behavior of the OH bending vibration band, S0H, shift is 

opposite to that of v0H. Figure 5(d) shows the band positions of S0H as a function of potassium 

content in the membrane. The frequency of 80H reveals a negative shift as the potassium content 

increases as expected[65]. 

To summarize all of the results, the K+ form membrane has lower water uptake from the vapor 

phase than does the sodium form. Nonetheless, the K+ form is favored in partitioning from liquid 

water. The latter would appear to be a reflection of the larger cation size interacting with the 

sulfonate. However, when compared at the same water uptake (weight or volume based), the K+ 

form surprisingly has significantly higher conductivity in spite of its larger ionic radius and 

known lower mobility in aqueous solution. Consistent with that result, interactions with the 

sulfonate as indicated by 1R are actually weaker for the K+ form. This probably reflects the lower 

surface charge density of the Kf ions. Water mobility at the same water content is also higher in 

the case of the K+ form. From these results, we conclude that understanding the interactions of 

cations in cation exchange membranes must take into account both the heat of hydration of the 

cation and the surface charge density of the ion. Failure to account for the latter will lead to 

erroneous expectations. 

Transport of an ion in this type of system is controlled by a variety of factors, including the 

tortuosity of the transport pathway, the ability of the ion to dissociate and the mobility of the ion 

in the system. The first factor has been dealt with in other studies. Local motion occurring on 

very short time scales (sub-ns), as measured in an NMR relaxation rate measurement, reflects the 

chemical interactions of the ions or hydrated ions in the system. Longer range motions, as 

measured in conductivity or diffusion measurements, reflect this chemical information plus the 

tortuosity of the path for motion. Comparing changes in Ri and D relative to the liquid indicates 

a factor of 1.5 (decreased in the membrane) difference in ratios, an estimate of the total tortuosity 

effect[5]. In this study, all measurement methods show a more or less constant offset in transport 

parameters (mobility, diffusion coefficient) between KT form, Na+ form and various mixed 

K+/Na+ compositions. This suggests that the structural aspects, i.e. tortuosity, is essentially 

conserved from sample to sample as composition varies. Without more detailed investigation, we 

cannot separate changes in tortuosity with composition but, again, the results are consistent with 

any such changes being the same for all samples studied here. 



In reference [66] (a modeling paper) it is suggested that there is a contribution from ‘local’ 

tortuosity versus long-range tortuosity. This is treated with an empirical expression. However, 

no experimental evidence of such a regime is available and the expression is not physically 

based. In our case, we present a clear observation of different ion interactions between 

sulfonates and K+ or Na+ by IR spectroscopy. Coupled with the constancy of the mobility 

differences with water content, we conclude that ion interactions with the sites, and not changes 

in morphology and concomitant changes in tortuosity, is the most important factor at low water 

content. This is also consistent with the partitioning phenomena observed. 

We also reported an analysis of the applicability of the Nernst-Einstein (N-E) description 

relating ion conductivity to diffusivity to phase-separated single-ion conductors. This principle is 

the most fundamental description of total conductivity of a system based on individual ion 

mobilities. It had been commonly expected that the relationship was not valid for polymer 

electrolytes. To the contrary, we found that the ion transport could be reconciled with the 

Nernst-Einstein equation provided that regimes of high or low water uptake by which the 

membrane are treated differently. The N-E equation requires an ion concentration term. For high 

water contents, good agreement with the N-E equation is obtained if the concentration is 

calculated based only on the amount of water present, i.e. the membrane volume is ignored. For 

lower water contents, the concentration must be based on the total membrane volume for the 

diffusivity/conductivity behavior to comply. The division between these two regimes is roughly 

water content corresponding to the hydration number of the ion. This has implications for the 

study of hydrated polymer electrolytes as well as other ‘channel’ containing ion conductors. It 

led us to a concept of the ion-conductor as behaving in a very simple way, as a set of 

interconnected ‘pipes’ with sticky walls. At low water content, the ions ‘stick’ to the walls and 

the volume of the polymer materials is sampled during transport. At high water contents, the 

effect of these ‘walls/ is minimized—the water flows as through a water channel. 

We continued our work on the fundamentals of membrane behavior by the application of 

thermodynamic approaches to evaluate the uptake of acids into ion exchange membranes under 

conditions of equilibration of the membranes with concentrated solutions. This situation is 

encountered in practical electrochemical reactor systems such as redox flow batteries (RFBs). In 

these applications, a membrane separator is exposed to electrolyte solutions and/or gas phase 

environments, such as the electrolyte solutions in the RFBs which are usually composed of 3-5M 



H2SO4 solutions The most commonly deployed separators for electrochemical applications are 

ion exchange membranes, such as Nation and related perfluorosulfonic acid (PFSA) membranes. 

These exhibit phase separation between hydrophilic and hydrophobic phases. The hydrophilic 

phase typically contains an aqueous phase, with channels through which ions move[20]. 

The liquid bathing environments will come to equilibrium with the aqueous phase of the 

membrane. This affects the composition inside the membrane which, in turn, affects the critical 

transport phenomena that are central to the operating efficiency of the device. For example, in 

our recent work on vanadium redox batteries (VRBs—see below), we have shown that 

membranes exposed to concentrated solutions containing acid and vanadium exhibit unexpected 

transport properties stemming from the uptake of ‘molecular’ acid under Dorman breakthrough 

conditions, here the term ‘breakthrough’ refers to the breakdown of significant co-ion exclusion, 

resulting in the uptake of ‘molecular’ acid into the membrane, i.e. the concentration is 

sufficiently high to overcome the Dorman potential opposing co-ion uptake. Effects include 

membrane dehydration and complex coupling of transport of species as well as decreased 

conductivity in the presence of the imbibed electrolyte. Our detailed explication of these effects 

for multiple materials provides a glimpse into how these different materials respond. 

Criteria for membrane selection are sorely needed to allow comparisons of disparate material 

types, including anion and cation exchange membranes, composite TEMs and so 

on. Unfortunately, the preponderance of studies of the physical chemistry of membranes in 

contact with electrolytes focuses on dilute solutions[67-71]. This is consistent with the long¬ 

standing application of ion exchange materials for simple separations or in ion selective 

electrodes. Donnan effects are often invoked in discussion of ion exclusion and the inhibition of 

transport of ‘co-ions’ but the thermodynamics underlying the effect is rarely elucidated and is in 

fact not completely developed. 

The excellent work of Freeman and co-workers begins to assess the thermodynamics of 

uptake of salt into lEMs in the context of desalination applications[72, 73]. After developing an 

initial, broad thermodynamic framework to describe the equilibrium, they adapted the counterion 

condensation model of Manning to this purpose with good results for their system. The notion 

behind this theory is that as ionic strength increases and small amounts of salt are imbibed in the 

membrane, the average separation between ions decreases to below the Bjerrum length 

characteristic of ion pairs. At that point, the mobile ions tend to ‘condense’ around the fixed ion 



sites in the polymer. While in this application the solution is still relatively dilute, this presents a 

step in the direction of a general description. 

In this work we begin the development of an approach to description of uptake phenomena for 

higher concentrations associated with practical electrochemical applications. First we explore the 

applicability of the Freeman-Manning approach to provide a general framework for the 

description of the more complicated situation encountered in the membrane/highly concentrated 

electrolyte regime. In this first study, we begin from a relatively simple starting point by 

studying the uptake of strong acids into membranes. We present data on uptake of several 

different acids by two perfiuorosulfonate membranes. The general thermodynamic framework 

allows us to calculate activity coefficients for the acids in the membrane. However, we find that 

the applicability of the counterion condensation model is limited. Returning to the broad 

framework of the problem, we describe a characteristic parameter, the Donnan potential. We 

show that this parameter behaves in a sensible manner as a description of the membrane 

properties. This gives us the basis for a characteristic membrane parameter that allows material 

comparison 

First, we collect data describing that uptake for a series of acids in contact with 

perfluorosulfonic acid membranes. Figure 6 shows the uptake data that will be the basis of this 

investigation. There we give the acid uptake into a Nafion 1100 EW membrane for membranes 

exposed to solutions of one of three different acids as a function of concentration in the external 

solution. Some of plots are close to linear, particularly over the ‘low’ concentration range and 

the slopes in this regime reflect the moles inside the membrane relative to those in the bathing 

solution outside. The ratio of the outside concentration/inside concentration is between 1.5 (HBr) 

and ~25 (H2SO4) in different acid-membrane combinations. 
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Figure 6: Water uptake and acid uptake in membranes as a function of external acid 

concentration, (a) HC1 in Nafion 117 membrane; (b) HBr in Nafion 117 membrane; (c) H2SO4 in 

Nafion 117 membrane; (d) H2SO4 in 3M825 membrane. 

It is commonly expected that an ion exchange membrane will exclude acids, salts and/or 

bases via the Donnan exclusion effect. This effect arises from the unfavorable electrostatic 

interaction between the fixed ion sites on the polymer with co-ions, i.e. ions of the same charge 

type, coupled to the requirement of electroneutrality. The data all show that significant acid is 

taken into the membrane, although in each case less acid is present in the membrane than in the 

bathing solution and this difference varies based on acid type. We conclude that we have 

achieved a situation of ‘Donnan breakthrough’ in which the chemical potential of the electrolyte 

exceeds the electrostatic co-ion repulsion that is the main feature of Donnan exclusion. We point 

out the large difference between data obtained for the Nafion and 3M ionomer samples. There 

are a number of causes of this difference. The EW’s are different as are the morphologies. 



These are the primary factors affecting uptake, in our opinion, but more information is likely 

needed. 

As an alternative, based on the first part of the Freeman-Manning analysis we estimate the 

Donnan potential difference at the membrane surface. This parameter reliably captures the 

membrane behavior, with the potential tending toward the same constant value for the membrane 

exposed to different acids. The counterion condensation theory may provide insight into the 

evolution of the Donnan potential as a function of concentration in the low concentration regime. 

Finally, we comment on the possible development of this approach as a useful predictive 

parameter for membrane behavior in RFBs. Our long-term goal is to develop correlations of the 

calculated parameters with underlying factors influencing the value of the Donnan potential, 

such as aspects of membrane structure and morphology, the ion exchange capacity of the 

material, mechanical properties of the material and surface states of the membrane. This will, in 

turn, provide a basis for comparison of broad classes of membranes. Structural studies to 

determine polymer phase segregation, pore formation and size of relevant features will include 

both microscopy and scattering studies are now underway but incomplete. 

Over the past several years, there has been significant improvement in many characteristics 

of VRFBs. The overall rate at which redox flow batteries can be operated with good efficiency 

has been substantially increased. The work of the PNNL group has improved the temperature 

and concentration range of stability of electrolytes. [74, 75] This has been undergirded by 

detailed studies of many aspects of the components and devices, ranging from some first 

attempts to assess factors leading to durability or capacity fade to detailed studies of electrode 

kinetics to systematic investigations of water, acid and vanadium species uptake into membranes. 

Many of these studies have been reported for different cell designs, electrode materials and 

membrane types. 

Redox flow batteries are a type of ‘open battery’ unlike the normal type of battery. Reagents 

flow in and out of the battery and contact electrodes. From that simple notion stem some 

important aspects of the structure of these batteries. In a normal battery, the layered electrodes 

and separator are wound to pack in high area per volume. The emphasis is strongly on achieving 

high energy density. For an open system, the manifolding and flow in a wound system is 

impractical and the common geometry is a stack of flat plate. To achieve high performance in 

this configuration requires higher power density and higher current density of operation. In the 



traditional battery, an operating current density in the mA/cm2 range and an ASR on the order of 

10 ohm-cm2 are typical. For the open system, this is not acceptable if we are to overcome the 

disadvantage of not being able to wind the components. Based on this, we focus on achieving 

much lower cell resistance and higher current density, both by orders of magnitude. By 

comparison to numbers given above, the ASR is -0.05 ohm-cm2 or less in a well-hydrated PEM 

fuel cell using membranes analogous to those in our flow battery. 

The membrane electrolyte or separator used plays a key role in this cell resistance. We must 

use thin membranes for the highest performance. This alone allows us to significantly (and 

linearly) decrease resistance in the cell. Describing in more detail the membrane impact on 

performance, to the level at which the transport can be modeled, is quite complex. The 

membrane is exposed to concentrated acid solutions containing similar, though lower, 

concentrations of vanadium species in four difference oxidation states, the relative amounts of 

which vary with state of charge of the battery. Under these situations, it is entirely expected that 

the transport of any one of the species present (protons, water, up to 4 vanadium cations, 

‘membrane’ and bisulfate) will be significantly coupled to that of the others. This implies that a 

‘concentrated solution theory’ (CST) approach must be embraced.[77, 78] One of our goals has 

been to collect sufficient data to understand the possibilities for simplification of the monstrously 

complex description demanded by CST. Another part of our work has been to use observations 

under dilute solution conditions to provide some initial guidance to behavior, perhaps exhibiting 

some limiting aspects. 

When exposed to concentrated electrolytes, the exclusion of co-ions expected from the 

Donnan equilibrium is no longer broadly operative. Electrolyte taken up by the membrane can 

alter the ionic equilibrium within membrane and further influence its ionic transport properties, 

such as conductivity and ion permeation, as well as water transport. The conductivity of cation 

exchange membrane, such as Nafion, is determined by its contents of electrolyte species. 

However, due to the complexity of ionic transport within ion exchange membrane under strong 

electrolyte equilibrium, very limited understanding has been established related to the 

fundamental mechanism of ion transport in this scenario. Some preliminary studies of acid- 

membrane interaction on membrane performance have been carried out for polymer electrolyte 

fuel cell study. Nafion equilibrated with sulfuric acid solution has been studied by several 



research groups. [79-80] In the acid concentration range studied, sulfuric acid can effectively 

break through the Dorman potential caused by sulfonate in membrane. The partitioned sulfuric 

acid can alter ionic environment in Nation and enhance its conductivity at low concentrations. 

Equilibration of Nafion with concentrated acid solutions also reduces its water content a critical 

facilitator of proton transport in IEMs[81]. The transport number of the anion in Nafion was 

measured to be less 0.1 within the studied acid concentration range, since the diffusivity of 

anions is more than one order of magnitude lower than that of protons in membrane. 

Hydrohalogenic and phosphoric acids have also been used in acid-membrane equilibration 

studies. The measured partitioning coefficients of HF, HCI and HBr were higher than sulfuric 

acid, and in the sequence of HF>HBr>HCl[82]. It was found that HF and phosphoric acid has 

very limited influence on membrane conductivity[83]. Kusoglu et al. carried out a more detailed 

study on Nafion equilibrated with HBr for hydrogen-bromine redox flow battery[84]. Small 

angle X-ray scattering was carried out to obtain morphological information and correlated to the 

ionic equilibrium and conductivity of membrane. 

The presence of vanadium cations in the membrane is another important factor deciding 

membrane conductivity. Due to the differences in fundamental transport mechanism, the 

mobility of cations, ~10'8 m^V '-s*1, is generally at least one order of magnitude slower than that 

of protons (uu+=10'7 m2-V'1’S'1) in fully hydrated Nafion[83, 85], In a VRFB, vanadium cations 

can actively partition into the membrane to replace fast moving protons and reduce conductivity. 

Cho et al. [86] reported the vanadium partitioning isotherm in Nafion soaked in vanadium/acid 

mixed solution of different valence states, as well as membrane’s conductivity after ion 

exchange. Conductivities of 20 to 30 mS/cm were estimated on Nafion 212 membrane with 21% 

V3+ and 12% V02f content. It has been shown that the Nafion membrane has a stronger affinity 

to multivalent cations than to protons and other monovalent cations[87-89]. Because some metal 

cations can reduce the water content in Nafion from its fully hydrated state, they can potentially 

impede proton motion. Some transition metal cations can directly interact with the proton to alter 

its mobility and thereby further influence membrane conductivity via an unclear mechanism[88]. 

Although most cation related studies of Nafion are not focused on vanadium chemistry, the 

results provide insight to help understand the ionic transport process in the membrane separator 

of VRFB. 



Another line of recent research focuses on understanding and modeling the transport 

properties of vanadium ions in the environment of the VRFB. Measurements of crossover in a 

novel operating VRFB cell involving three flow regions show increased mobility of vanadium 

ions on the positive side through the membrane in the direction concurrent with the flux of 

protons. Crossover against the proton flux was reduced from the static state by 75%. However, 

the patterns of which ion species diffused and why suggested trends dependent on ion 

concentrations at varying SOC, such as increased transport of VCV' at high current densities, 

when that ion would be increasingly present in the solution. [90] 

A discrepancy exists in a number of studies in which side of the battery the vanadium tends 

to accumulate over the course of many cycles. Two different models suggest an expected build- 

up of vanadium in the negative reservoir. [91,92] Meanwhile, two experimental reports describe 

an overall vanadium accumulation on the positive side. [93,94] 

The modeling work of Knehr et al [91] is paired with experimental cycling data that shows a 

decrease in capacity over 45 cycles. The shorter charge time is attributed to vanadium imbalance 

in the electrolyte reservoirs. A model based on convection, diffusion and migration indicates the 

net accumulation of vanadium in the negative reservoir, but this is highly dependent on the 

viscosity values used as input in the model. There is limited data in the literature reporting on the 

viscosity of the negative electrolytes, particularly involving V2+. The authors used viscosity 

values reported elsewhere (2.5cP), but the values from this measurement are in 1.5- 2M sulfuric 

acid, vs. 5M sulfuric acid used in the model. The value used as input for the viscosity of the 

positive electrolyte (1M Vanadium, 5M sulfuric acid) was 5cP. This was based on a handful of 

reports that measured viscosity of 1M V02+ in 3M PRSCbat ~5cP, 1M V02+ in 5M H2SO4 at 

5cP, and V02+ and V02+ in 5M H2SO4 at ~9 and 8 cP respectively. The vanadium concentration 

in the latter values, however, is not clear from the report. Meanwhile, other reports show values 

for 2M V02+ and 2M H2SO4 at 2.69cP[95],2.1 lcP[96], and 2.79 cP [97]. Viscosity of 2M V02+ 

in 5M H2SO4 have been reported at ~5 cP[98] and 5.169cP[97] and values of 1M V02t and 5M 

H2SO4 at 3.37 cP[98], The authors of this study did not address the discrepancy between the 

model and experimental data, though they did refer to two earlier modeling studies that resulted 

in the opposite conclusion. Of those two references, one[99] is a thermal model of the battery 

and does not address cross over, and the other [100] used a selemion membrane, which in a 



previous report was shown to result in the opposite trend to that Nafion showed (i.e. vanadium 

build up on the positive rather than negative side)[92]. The modeling work comparing anion and 

cation exchange seiemion membranes to Nafion [92] results in vanadium accumulation in the 

positive reservoir, while the model suggests the opposite trend for the Nafion membrane, mainly 

as a result of higher diffusivity rates for vanadium ions in Nafion than the other membranes. 

The first of the two experimental studies that suggested vanadium build up on the positive 

side of the battery over time monitored the concentrations of different ions in the electrolytes 

over cycling time using an automated titration instrument.[94] Interestingly, during self¬ 

discharge, vanadium accumulated on the negative side beginning at both 0% SOC and 65% 

SOC. In the case of monitoring crossover at 0% SOC where V3+ crossed against V02+ over 90 

hours ~13 moles of V02+ crossed verses ~7 moles of V3+ which suggests a 3:2 crossover ratio, 

maintaining charge balance, which indicates an interdependence of the diffusion crossover of the 

two ions. During charge cycles, the overall accumulation of vanadium was on positive side and 

over 250 cycles, the amount of vanadium on the positive side increased by 35%. Tang et al. 

suggested that the reason for the difference here could be that Sun et al. only charged to 65% 

SOC and thereby avoided electrode gas reactions that occur at SOC above 90%. The second 

experimentally based report that observed the net accumulation of vanadium in the positive 

reservoir charged up to a SOC of 90%[101] However this experiment used iron ions counter to 

the vanadium ions, which could alter the crossover and used HC1 instead of H2SO4 in the 

electrolyte, which could change the swelling patterns of the membrane in comparison to other 

studies. 

We developed a synthesis of results to date and some new results describing uptake and mass 

transport of water, vanadium species and protons in Nafion membranes for use as separators in 

VRFBs. Resistance issues as well as species cross-over are important contributors to 

performance loss in VRFBs. After a brief discussion of our state-of-the-art cell performance, we 

consider the uptake and transport of various species through a number of membrane materials 

under various conditions. We draw together numerous previous studies and augment them with 

new data to provide a summary of our present state of understanding of the experimental facts 

regarding membrane behavior. From there, we compare rates of various processes and then sum 

up some expectations for transport in the membrane. 



in Figure 7, we present polarization curves showing recently obtained levels of performance 

starting with electrolyte at ~100% state of charge. These results significantly surpass previously 

reported data [102-104], Using SDAPP 2.3 as a membrane gave a peak power density of 2588 

mW/cm2 and a limiting current density of 5033 mA/cm2 compared to Nafion 212’s performance 

of 1355 mW/cm2 at a limiting current density of 1817 mA/cm2, both of which vastly exceeded 

the performance described in the references cited above. 

2 
Current Density [mA/cm ] 

Figure 7. Single-pass discharge polarization curve of a zero-gap VRB comparing the performance of 
Nafion 212 to SDAPP. 

/7?-free polarization curves represent a combination of activation and concentration 

polarizations, which are primarily attributed to the electrode kinetics and mass transport through 

the electrode induced by the flow field, respectively. 

We attribute the superior performance of SDAPP over Nafion 212 to higher selectivity of 

the membrane, i.e. a higher ratio of conductivity to permeability [105,106]. Improved electrode 

properties along with a concentrated electrolyte (1.7 M Vx+/ 3.3 M H2SO4) at high flow rate 

minimize the losses due to kinetic and electro-active reagent mass transport processes. The cell 

voltage therefore shows a linear behavior as a function of current density. A system with that 



level of performance is amenable to cycling with 90% efficiency at 500 mA/cnr or more. The 

cycling accesses lower states of charge and thus the actual cycling performance is not reflected 

by the polarization curve. However, such curves indicate the intrinsic, best case losses due to 

cell resistance, kinetic limitations and mass transport resistances in the cell. As can be seen in 

Figure 7, the essentially ohmic appearance of the polarization curves indicated that the latter are 

minimal. With a measured ASR of 0.13 ohm-cm2, the IR corrected curve still shows some 

ohmic character. This is due to the ohmic loss associated with delivery of reagents through the 

pores of the electrode. 

Therefore, to a first approximation, the slope of the iR-free curve shown in Figure 7 

represents the ASR for ionic conduction in the electrode, consistent with AC impedance results. 

With the benefit of the constant OCV VRFB system given by the single pass mode, we are able 

to estimate the length of ionic pathway in the electrode according to Equation (1): 

l 
ASR = — x Nm (1) 

where l is the membrane thickness, oe is the electrolyte conductivity, and Nm is the MacMullin 

number. The calculated path length is 0.2 mm, which represents the total conduction length for 

both electrodes including the tortuosity factor. If we assume that the loss due to the ionic 

conduction in the electrode is symmetric for positive and negative electrode, the conduction 

length for each side would be 100 pm. The thickness of the electrode (t) is approximately 134 

pm in the cell with 30% compression. This result suggests that the reaction zone is geometrically 

toward the membrane side. This finding is opposed to previous studies, which suggest the 

reaction zone is closer to the current collector. In the higher performance cells used here different 

carbon electrode properties and the higher vanadium concentration electrolyte fed at 100% SoC 

in a single pass manner facilitate the mass transport of the active species and therefore move the 

reaction zone. 

3.2 Influence of vanadium cations on ion transport in the polymer membrane: Dilute 

Solution Case 



While it is well known that the conductivity of Nafion decreases dramatically due to 

prolonged exposure to acidic electrolyte solutions and that battery and efficiency losses may be 

attributed in part due to vanadium permeation across the membrane, much less is known about 

the equilibrium between Nafion and ionic solutions and its impact on proton transport. In 

general, multivalent cations are preferentially partitioned into Nafion compared to protons due to 

a larger electrostatic interaction and stronger binding energy with the negatively charged sulfonic 

acid group. [87, 103, 107] Although it has been demonstrated that factors other than valence, e.g. 

ionic size, can influence the cation partitioning competition in Nafion, valence state generally 

favors uptake of multivalent cations over monovalent cations.[89, 108] The solvation shell may 

play a role in screening the electrostatic interactions with sulfonic acid sites. In order to 

determine how these effects manifest in a VRB membrane environment, we have examined how 

uptake and conductivity are influenced in both the case of dilute and concentrated solutions. 

In dilute solutions, the relative content of V3+ and V02+ in the membrane trend closely in 

magnitude with respect to the relative vanadium content in solution the phase. These data are 

shown in Figure 8. The partitioning of V3+ into the membrane is only slightly stronger than 

V02+, despite V3i having a higher ionic charge than V02+. (Note that the ‘normalized’ x-axis 

presents solution concentration as the mole fraction of vanadium in the proton/vanadium bathing 

mixture and the normalized y-axis presents the membrane concentration as the fraction of 

sulfonate sites ‘occupied’ by vanadium.) Perhaps the relatively small difference is due to the fact 

that V3+ has a more strongly held and saturated first hydration shell than does V02+, leading to 

more effective screening of charge (see below). 

Also shown in Figure 8 is the effect that vanadium speciation in Nafion has on water 

content X = ttH2o/n-so3H- Both V3+ and V02f have high affinity for sulfonate in the membrane, 

but surprisingly they do not significantly reduce membrane water content.[103] This is 

contradictory to other reported observations that water content loss is in accord with cation 

affinity to membrane.[87, 88] In those cases, tight ion pairing between ions and sulfonate sites 

leads to a diminished affinity for water. Our results suggest that cationic affinity to membrane is 

not the only dominating factor in determining water uptake of the membrane in the cation form. 

The highly hydrated vanadium cations themselves carry additional water into the membrane and 

the results would then indicate that it is likely that only solvent-separated ion-pairs form.[36] 
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Figure 8. Normalized vanadium content in Nation 117 with respect to the normalized vanadium 

concentration in the solution phase. 

In the dilute electrolyte case the membrane is in the form HW*. The conductivity loss by 

VO2' partitioning into Nafion has been studied in detail and it was shown that V02+strongly 

hinders proton motion and effectively lowers the proton concentration in the membrane. [103] 

The loss of conductivity due to V3+ is less pronounced than with V02+ as shown in Figure 9(a). 

The interaction of VO21 and V3+ with the membrane is thus likely different, leading to differing 

effects on proton mobilities. Overall, the membrane conductivity decreases by more than an 

order of magnitude as protons are replaced by vanadium ions. 

Losses in conductivity could be caused by caused by lowered proton concentration and/or 

reduced proton mobility. The conductivity of membranes equilibrated in solutions of V3+ is given 

by: 

@m.V3+ — + + "i” Zy3+Cy3+Uy3+) (2) 

where F is Faraday’s constant, z is charge number, c is the concentration in the membrane phase 

and it the mobility. Equation (2) may be simplified by introducing a normalized content fraction 

= 2m%/C-so3h giving: 



ffmv3+ — Fc-S03h(xH+uH+ + Xy3+UV3+) (3) 

where cSq3H- is calculated from the density measurement of fully hydrated proton-form Nation 

and is assumed to be invariant of vanadium content. Equation (3) thus gives a simple means to 

calculate proton and V3i mobilities from membrane uptake and conductivity measurements and 

these results are summarized in Table Error! Reference source not found.. 

Normalized Vanadium Concentration in Solution 

xVS=z(Vx+)[Vxt]/z(A1,')[A’1] 

Figure 1. (a) Comparison between Nafion 117 conductivity loss as a function of vanadium 
concentration in the equilibrating solution for H+/V3+ and HWO21 forms. 



(b) Comparison between Nation 117 conductivity loss as a function of vanadium concentration 

in the membrane for H+/V3+ and H'/VO2' forms. 
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In Figure 9(b) we show the membrane conductivity’s dependence on vanadium uptake. A 

model was constructed to fit the data, which assumed that: 1) the mobilities of the vanadium ions 

were constant, 2) FT mobility is linearly reduced by VO2' abundance, and 3) FF has constant 

mobility in coexistence with V3+. By calculation, V3+ and V02t both have much lower mobility 

than protons in proton form Nation. As we can see here, in H 7V3+ form membrane, conductivity 

is linearly decreased with increasing V3+ content in membrane. This implies that both proton and 

V3 ' have essentially constant mobility within the entire vanadium content range. For V02+, the 

conductivity is obviously lower than that predicted for the constant mobility of both ions. 

Accordingly, we assume proton mobility is linearly decreased by [V02+] in membrane. It turned 

out that membrane conductivity matches reasonable well with the linear proton mobility 

assumption. The changing proton mobility with V02+ suggests there is an interaction between 

protons and V02+. 

The structure of hydration shells and the complexation chemistry of vanadium ions is of 

great interest to clarify the behavior of V3+ and V02+ exchanged Nafion and the apparent V02+ 

effect on proton transport in the membrane. [109,110] Considerations of the structure and 

chemistry of the vanadium oxo species in particular have been presented. Based on classic 
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work by Ballhausen and Gray [111], Winkler and Gray [112] gave an excellent and useful 

overview on the vanadyl cation in the context of a more general discussion of metal oxo 

complexes. The V-0 bond is exceptionally strong. One important takeaway from the latter is 

that the V-O bond includes significant back bonding contributions rendering the oxygen quite 

weakly basic. They report that the primary electronic band observed for this species is 

unchanged between pH -0.5 to 1.5. Vijayakumar et al. [113] presented a detailed discussion of 

the proposed interaction between V0(H20)52+ and the sulfonate of Nafion. They presented 

several structures that were probed using electronic structure calculations and EXAFS at 

vanadium and sulfur edges. However, the spectra predicted did not present good matches. 

Moreover, the specific interactions proposed in that work, in which sulfonate enters the vanadyl 

primary solvation sphere seem unlikely in light of the similar mobility of this cation relative to 

that of V(H20)63+ which we surmise from conductivity and permeability data. 

Based on this, we conclude that the reason for the different cation-proton interactions has 

not been satisfactorily explained yet. One simple hypothesis that we find plausible is the 

possibility of protonation of the oxo moiety on the vanadium but the argument for that seems to 

be weakened by the comments of Winkler and Gray. 

It has been demonstrated that high valence cations, like A!3+, can form stable hydration 

shells beyond the first hydration shell by H-bonding.[l 14,115] Cations with higher valence can 

have more ordered hydration shells and stronger restriction on water molecules in hydration 

shell. Water in the hydration shells of multivalent cation is more condensed than in bulk 

water.[116] V(H20)5+ has a water self-exchange rate constant of about 5x !02 s_1 and 

V0(H20)5+ has self-exchange rate constants of 5xl02s 1 on the equatorial positions and -lO'V1 

on the axial position.fi 17] With high valence state, V3+ and V02h can constraint water in its 

hydration shell strongly enough to overcome the deswelling effect caused by cation uptake, 

thereby maintaining a higher hydration level in membrane. 

3.3 Influence of vanadium cations on ion transport in the polymer membrane: Concentrated 

Solution Case 

We now turn our attention to the case of VRBs in the context of concentrated solution 

theory. The results presented here should shed light on interactions of electrolyte solutions with 



the polymer membranes under conditions that would mimic a more realistic operating battery. In 

this regime the vanadium (0-2 mol dm"3) and sulfuric acid (5 mol dm"3) were concentrated 

enough to overcome Dorman exclusion, or to achieve so-called Donnan breakthrough, for the 

anion to enter in significant quantities into the membrane. In contrast to the dilute case, Nafion 

samples equilibrated in concentrated solutions demonstrate a much less pronounced decrease in 

conductivity and show similar conductivity at a given vanadium concentration of the bathing 

electrolyte solutions regardless of the different valence state as shown in Figure 10. 

Figure 10. Nafion conductivity after being equilibrated in electrolyte solutions with vanadium in 

the +3, +4, and +5 valence states. The vanadium ion concentration in solutions was 0 to 2 

mol dm'3; the total sulfuric acid/bisulfate/sulfate concentration was 5 mohdm'3. 
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Figure 11. Water and sulfuric acid contents in Nafion equilibrated in concentrated electrolyte 

solutions (vanadium concentrations 0 to 2 mol-dm'3; total sulfate 5 mol-dm*3). The water and 

sulfuric acid concentrations are invariant with environmental concentration. 

The water and sulfuric acid contents in Nafion equilibrated concentrated electrolyte 

solutions consistent with vanadium concentration results and are shown in Figure 11 Membrane 

water and sulfuric acid content are largely controlled by the acid concentration in the electrolyte 

environment. In dilute electrolyte equilibration, V02+ and V3+ cannot significantly change water 

content in membrane. In the concentrated electrolyte scenario, the relatively unchanged water 

and sulfuric acid contents as a function of vanadium concentration suggest that vanadium ions do 

not affect membrane deswelling in the presence of large amounts of sulfuric acid. This is 

consistent with the observation on the vanadium concentration’s influence on vanadium 

permeation across Nafion, which we expand upon below. It was illustrated that vanadium 

permeation, or diffusion, is mainly controlled by the sulfuric acid concentration in the electrolyte 

[118] (see below). This behavior suggests that equilibration with sulfuric acid is the primary 

factor determining Nafion water content, consistent with the decreasing water activity with 

increasing acid concentration and thereby the uptake of electrolyte species and vanadium 

crossover. 

Vanadium ion partitioning in Nafion is highly dependent on the apparent charge number of 

the cation. The vanadium ion content in Nafion equilibrated in concentrated electrolyte is 

presented in Figure 12. All three vanadium ion types in Nafion are nearly proportional to 



vanadium concentration in the electrolyte solutions. V3+ and V02f have similar partitioning 

extent in Nafion, both stronger than VOj. V3+ and VO21 have higher partitioning in Nation than 

VOj because cations with higher valence usually have higher affinity to sulfonate in 

membrane.[87, 89] V3+ and V02+have high positive charge to generate stronger electrostatic 

attraction to sulfonate. Although V02+ has a lower apparent charge number than V3+, V02+ can 

still have similar affinity to V3+, because it has a vanadium atom with +4 valence in the oxo 

complex. The affinity of VO21 for sulfonate may be due to the high positive change on vanadium 

atom in it. The extent of solvation of the cation and the extent to which the ion’s charge is 

screened also play roles. 

C o 
2 JQ 

0.8 H 

3- 1 CT to 
LU O 

£ £ 

^ I C ^ 
o O 
•s to CD cm 

z X 

c ,+ - 

§ W 
1 ? 

"a O 
o {/) 
< 'E' o 

3 
w 

0.6- 

0.4- 

0.2- 

0.0-l 

H- 

1 s 1 . 

i li 

Sulfuric Acid 

I fL 

Water 

" 

-« - 
$ f 

• V equilibrated acid content 
2+ 

A VO equilibrated acid content 

♦ VCrf equilibrated acid content 

O V3* equilibrated water content 
2+ 

A VO equilibrated water content 

O VOz equilibrated water content 

0.0 

“i—1—1—r 

0.5 
1 
1.0 

h-20 

15 

<b- 

4- 10 

-5 

-0 

1.5 
T 

2.0 

Vanadium Ion Concentration in Bathing Solution mol-dm 
-3 

Si 
CD 

o o 
=3 

CP 
Z3 

X 
to 

o 
3 =ti 

£U 

05 = 
O w W ^4? 

m 
C 
CT 
S 
o' 3 

Figure 12. Vanadium ion content in Nafion being equilibrated in concentrated electrolyte 

solutions with V3+,V02+ or VO2 • 

As was the case in dilute solutions, vanadium ions that are partitioned into Nafion from 

concentrated solutions is the primary reason for the sharp decrease in membrane conductivity. 

The conductivity of Nafion is highly dependent on the water content given that proton transport 

is mitigated by water’s roles as a mediator.[75, 119-121] The effective proton concentration in 

the membrane is enhanced by acid dissociation, an effect that is balanced by cations in the 



membrane reducing the proton concentration and potentially interfering with proton 

transport.[88,122] Since the equilibrium in Nafion with concentrated electrolyte solutions 

includes all these factors (water, acid and cations) the analysis of Nafion conductivity in 

concentrated electrolyte is complicated and influences the proton mobility and in turn the proton 

transference number. We can now construct a model to account for these issues. 

Because sulfuric acid and sulfonic acid in Nafion can fully dissociate, the charge balance is 

given by: 

(4) nH+ + zvx+nvx+ — nH2S04 + n_S03H. 

Vanadium ions in Nafion reduce the number of protons available for charge transport, with a 

relative proton concentration of nH+/n_S03H- The water content in Nafion equilibrated in the 

concentrated solutions should be corrected by water in vanadium ion’s hydration sphere and 

extra sulfuric acid. It is assumed that water molecules in the first hydration shell of vanadium 

ions cannot take part in proton transfer. Water content available for proton transport is reduced: 

nH2o “ nH2o — nvx+ x nvx+ ■ Here 71^+ is the hydration number of vanadium ions in 

their first hydration shells; with values of 6, 5, and 3 for V3+,V02+ and VOj respectively. [75] 

Because of high hydrophobicity of bisulfate, we assume water can be similarly coordinated by 

sulfonate and bisulfate in the ionic domain in membrane. The corrected water content is 

symbolized as A' is given by: 

A' = (A —n (5) 

These results are shown in Figure 13. 
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Figure 13. Proton content and corrected water content in Nafion after equilibration. The proton is 

provided by sulfuric and sulfonic acid dissociation and reduced by vanadium replacement. The 

water content is corrected by vanadium aqua-coordination and extra sulfuric acid. 

In the presence of sulfuric acid, V02+ and VOj influence proton transport in Nation, while 

V3' does not interfere with proton mobility. Our modeling analysis was carried out by assuming 

that proton mobility does not change in the presence of vanadium. It was previously shown that 

proton mobility is a linear function of water content in Nafion equilibrated with sulfuric 

acid. [ 103] Using these assumptions, an empirically derived relationship for the proton 

mobility’s dependence on water content may be given by: 

uH+ = ^6.881 - 12.5) x 10_5cm2 ■ V”1 ■ s"1. (6) 

The proton transference number can then be calculated by the modeled proton mobility: 

nH + 

n-S03H 
tH+ — 

Fch+uh+ 

^measured 

F ' c-SQ3H ' UH+ 

^measured 



where c_S03h is the sulfonate concentration in Nafion equilibrated in 5 mol-dm'3 sulfuric acid 

solution given by 1.39x10‘3mobcm'\ according to the Nafion density measurements, and is 

assumed to be constant over the entire vanadium concentration range in the experiment.[103] 

The calculated proton transference numbers are presented in Figure 14. 

Figure 14. Proton transference number in Nafion with coexistence of vanadium ions (V3+, V02+ 

or VOj) in concentrated electrolyte equilibration. The proton mobility is assumed to be only 

dependent on membrane’s corrected water content. 

Clearly, with the no-cation-interference assumption, protons coexisting with V3+ have 

transference numbers less than one and decrease with increasing acid concentration. This 

suggests that in the concentrated electrolytes, V3+ in Nafion does not influence proton transfer, 

similar to that in the dilute electrolyte equilibration case. The V3+ mobility can be calculated, 

(6.3 ± 0.8) x 10-5 cm2 • V-1 • s_1, with the assumption that the anion transference number in 

Nafion is negligible due to Donnan exclusion.[92, 103, 123] This V3+ mobility is very close to 

V3+ mobility in the dilute electrolyte equilibration case. However, the proton transference 

number exceeds unity when protons coexist in the membrane with V02+ or VOj. This means that 

proton mobilities are overestimated with the no-vanadium-interference assumption or that the 

no-interference assumption is only valid for V3+. Like the V02+ influence on proton mobility in 



dilute electrolyte equilibrium[103], V02+ and VOj can reduce proton mobility by their presence 

in Nafion. VOj has a more significant decelerating effect on proton mobility than VO2'. Since 

V3'1 has the very similar mobility in Nafion equilibrated with dilute or concentrated electrolyte, 

in this case, we assume that VO21 has mobility, 6.28xl0'5 cm2-s"!-V'', identical to its mobility in 

the dilute electrolyte equilibrated Nafion. 

Concerning the mobility of VOj in Nafion, there is no literature report yet. So we assume that 

vanadium ions’ mobility and diffusivity satisfy Einstein-Smoluchowski equation: U;oc|z/|.D.-. 

The mobility of VOj can be derived from the diffusivities of vanadium ions reported in 

literature.[94] The derived mobility of VOJ is 3.0xl0"5 cm2-s"l-V"1. Proton mobility can be 

calculated by the relation between conductivity and mobility: 

irH+ 
(cr — F Zyx+Cyx+Uyx+^ 

Fch+ 
(8) 

The calculated proton mobility is dependent on the VO2' or VOJ content in Nafion, as is 

presented in Figure 15. Obviously, the decelerating effect of VOj is stronger than that of V02+. 
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Figure 15. Calculated proton mobility as a function of vanadium content in Nafion for V02+ and 

V02+. 



In an operating VRFB the driving force for species transport is a gradient in the 

electrochemical potential [124-126] and multi-component uptake of vanadium species, sulfuric 

acid, and anions will all have a pronounced effect especially at the higher concentrations that are 

being sought for grid-scale applications to maximize the volumetric energy density. [73] The 

models we constructed in this section were limited to “static” observations of how membrane 

conductivity, ion mobility, species uptake, and proton transference number were affected by acid 

and vanadium concentrations. An operando analysis of these parameters in working systems 

would help infonn the theory of concentrated solutions for flow batteries and several groups are 

working towards that end.[127, 128] While Nation has been thoroughly examined in VRFBs due 

to its high ionic conductivity and chemical stability, the high cost and significant vanadium 

crossover and key limiting factors to commercial adoption. We suggest that the considerations 

made above to characterize the effects of species uptake on perfonnance will be of paramount 

importance. 

3.4 Vanadium permeation through the membrane 

The permeability of the vanadyl ion through Nation is governed by the partitioning of the 

ion into the membrane as well as the diffusion coefficient of the ion in the membrane. These two 

variables are dependent on a number of factors. The partitioning is altered by the acid 

concentration in the solution around the membrane. As the acid concentration increases, the 

‘competition’ for partitioning favors the protons. Diffusion is also affected by the acid 

concentration. Water in the membrane acts to form channels through which diffusion occurs, 

essentially lubricating the diffusion path. With exposure to acid, the membrane dehydrates 

slowing mobility of all species.[94, 97] 

Previous work showed that the membrane permeability decreased dramatically with 

increasing acid concentration. [98, 129] For a simple experiment in which VO24 permeation was 

monitored from a compartment which initially contained VO24 in acid through the membrane to 

a compartment that contained only acid, the VO2' permeation rates depended strongly on exact 

experimental conditions but were controlled by acid concentration. Increasing the V02f 

concentration while fixing the ratio acid to V02+ yielded permeation data in which the 

permeation rate of V02+ through the membrane decreased with increasing [V02+]. In general, 



over the range of concentration between 0 and 5 M H2SO4, the permeability of V02+ dropped by 

about two orders of magnitude. 

Results for similar experiments for V3+, measured using UV-Vis spectroscopy 

detection[21 ], and VO21', measured using EPR detection[l 18], are summarized in Table 1. 

Clearly, the permeation rates for the vanadium species are essentially similar and their respective 

mobilities are very slow relative to that of protons. 

3.5 An Overall Summary of Transport 

Capacity fade that occurs during cycling has been attributed in part to preferential 

volumetric transfer of vanadium ions and water. Transport of water occurs primarily by diffusion 

of hydrated species including protons, vanadium ions, sulfate and bisulfate ions, as a result of 

osmotic pressure differences and by migration of ions with accompanying electroosmotic flow. 

Using the figures measured or described above, it is possible to assess the relative rates of some 

of these transport processes that is expected during battery operation. 

A calculation of the flux due to penneation as a current density yields 0.7 x 10'4 and 2.7 x 

1 O'4 for V3 f and V02+ respectively. Based on the mobi lities, the transference number of protons 

is at least 0.87 and that of each vanadium species roughly 0.065 (assuming that all vanadium 

species are in the membrane). Thus, the fluxes due to migration at a current density of 100 

mA/cm2 are orders of magnitude higher than the permeation fluxes. Assuming that the 

electroosmotic drag coefficient is 3 for protons, 8 for V3+ and 7 for V02+, the flux of water due to 

drag in one direction will be on the order of 300 mA/cm2 or roughly 50 times the vanadium flux. 

Clearly, the absolute magnitude of these parameters will depend on the exact details of 

changes of composition during state of charge and thus requires modeling to integrate over these 

changes. It is useful nonetheless to have a rough idea of how rapidly different transport 

mechanisms for different species are likely to move those species. 
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11.2 Polyoxometallates and their Use as Electrochemical Mediators 

We also studied the behavior of poly(oxornetallates) (ROMs) as potential electrochemical 

mediators.This class of mediators provides a versatile group of compounds that might carry out 

reactions external to a cell, followed by recycling at the electrode. We have been using these 

mediators in previous ONR work and wanted to extent! our study. 

Recent reports on the use of polyoxometalates for electrochemistry have inspired questions 

about their fundamental electrochemical properties. Phosphomolybdic acid is the longest known 

keggin ion polyoxometalate. Berzelius prepared and analyzed the first keggin ion 

(NHa)3PMo12Ow in 1826, the tungstosilic acid was prepared by Margnac in 1862. The first 

systematic attempt to understand the nature of heteropoly compounds occurred in 1908 by Miolati. 

Some of the most significant work was done by Tsigdinos, who published methods using ether 

extraction for the synthesis and purification of phosphomolybdic acid. [1] 

Tsigdinos studied the redox behavior of 12-phosphomolybdic acid which he refers to as dodeca- 

molybdophosphoric acid. He found multiday stability of polarograms in 0.5 M indicating 

stability in that solvent. He also found that solutions more dilute than lO'4 M gave less well defined 

polarograms. Reversibility of the first 3 waves was ascertained using cyclic voltammetry at a 

platinum electrode in water-dioxane solutions. He states that is important not to use earlier work 

due to an unrecognized hydrolytic instability on mercury electrodes and at elevated pH values.70 

Tsigdinos also prepared many of the polyoxometalates including FePMo^O^Q, PVMo12Oao, 

PV2Mo10O/i0, and Pl/fMo11O40. [1] 

Based upon these reports it became clear that the electrochemistry of keggin ions varied widely 

with solvent, necessitating study of the electrochemistry of phosphomolybdic acid in the proposed 

reaction conditions. The reaction of phosphomolybdic acid on glassy carbon was studied to 

determine if a heterogeneous catalyst is necessary. The oxidation of phosphomolybdic acid was 

then studied using a glassy carbon rotating disk electrode to attempt to elucidate the kinetics of the 

oxidation reaction. Then a small cell with a hydrogen counter electrode was assembled to test the 

anode performance of a phosphomolybdic acid based fuel cell/hydrogen pump. The literature 

shows several promising examples of fuel cells and hydrogen pumps using phosphomolybdic acid 

as a mediator but the performance of such devices is hard to ascertain due to the coupling of cell 

performance and solution reaction.[2-5] There is significant discussion concerning the current 



efficiency but little to no discussion of voltage efficiency. What are the sources of voltage loss, the 

kinetic, ohmic, and mass transport overpotential required to reoxidize the phosphomolybdic acid. 

One important characteristic which will significantly affect the overpotential required is the degree 

of reversibility. Based upon the literature we know that the electrochemical stability and therefore 

reversibility of phosphomolybdates will vary with solvent. It is highly desirable to use an aqueous 

solvent because aqueous solvents tend to provide excellent solubility (900+ g/L for 

phosphomolybdic acid), low cost, and high conductivity. 

These materials have been studied since their discovery in the !800s but little has been done in 

recent decades. None of the older literature studied the aqueous mixtures preferred in modem 

biomass oxidation studies. 

Here we report fundamental electrochemical studies of phosphomolybdic acid. We study the 

electrochemical reversibility, diffusion coefficient, number of electrons transferred, and chemical 

reversibility. These studies are carried out using cyclic voltammetry, rotating disk electrode 

voltammetry, bulk electrolysis, and thin layer voltammetry. We also study the nature of the change 

in the number of electrons transferred with the reduction state of the bulk solution. 

Cyclic voltammetry (CV) was used to determine the overall of behavior of POM compounds. 15 

gives the cyclic voltammograms of phosphomolybdic acid on a glassy carbon electrode. To help 

elucidate some of the kinetic information contained within 15, Figure 16 and 17 were 

constructed. Figure 16 contains the plot of peak separation vs scan rate. An ideally reversible 

reaction would show no dependence of peak separation on scan rate. Figure 17 is the plot of 

peak current vs the square root of scan rate. Reversible reactions show a linear relationship 

between these variables. 



Figure 15: Cyclic Voltammetry of Phosphomolybdic Acid on Glassy Carbon. 0.5 M HjPMo^O^, 

We: 3mm GC disk, Ce: Pt wire, Ref: Ag/AgCl (0.205 V vs NHE) 

Peak 1 

Peaks 1, 2, and 3 are each 2 electron redox reactions.70 The two electron nature of peak 1 was 

confirmed by exhaustive electrolysis a in both H-type and zero gap flow type electrochemical cells. 

The reactions are listed below. 

Peak 1: H3PMo12Ow + 2e~ + 2H+ = HsPMo12Ow 

Peak 2: H5PMo12O40 + 2e" + 2H+ = H7PMo12O40 

Peak 3: H7PMo12O40 + 2e~ + 2H+ = H9PMo12Ow3~ 



Peak ! has features of both reversible and irreversible waves. The reduction of peak 1 is linear 

i ox 
with square root of scan rate, and PRED = 1; shown in Figure . The determination of lpox required 

b 

the use of a potential hold at 0.4 V to remove the contribution of peak 2 from the resulting signal. 

Those are 2 of the 3 main criteria for reversibility. The remaining criteria is that the separation 

between the two peaks should be 59/n mV, independent of scan rate. The peak separation as shown 

in 17 is almost linearly dependent on square root of scan rate and is always greater than 59/n mV. 

Meeting some but not all of the tests for reversibility is evidence of quasi-reversibility. Peak 1 also 

shows a shift in the calculated E° of 10 mv, linear with square root of scan rate, from 424 mV to 

432mV vs Ag/AgCl. To convert an Ag/AgCl reference electrode to NHE, add roughly 205 mV to 

the potential. 

Peak 2 is significantly less well resolved than peak ! yet still exhibits linearity of IpRF'Dvs square 

root of scan rate. Determining an acceptable value for Ipox was complicated by the proximity to 

the other waves. The peak separation was strongly dependent on scan rate. 

The kinetics of an electrochemical reaction can often be strongly affected by the heterogenous 

electrode surface. Metals in general are known to catalyze many electrochemical reactions. 

Precious metals often exhibit the highest electrochemical activity due to optimum binding 

strengths with important reactants. Platinum in particular is prized for its activity and stability in a 

variety of harsh reaction environments. To determine if the phosphomolybdic acid 

electrochemistry was different on platinum, CVs of phosphomolybdic acid were conducted on a 

platinum surface (Figure 18). 
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Figure 18: Cyclic Voltammetry of Phosphomolybdic Acid on Platinum. 0.5 M H3PM012O40, We: 

1.6 mm Pt disk, Ce: Pt wire. Ref: Ag/AgCl (0.205 V vs NHE) 

The voltammograms in Figures 16 and 18 exhibit remarkable similarities. 

! ox 
For peak 1 they share the linearity of peak heights with square root of scan rate, PRED — 1, and 

lp 

the dependence of Ep0x — EpRed on scan rate. The peaks are slightly sharper and more resolved 

but still exhibit the same quasi-reversible features as the glassy carbon voltammograms, indicating 

that the platinum does not sufficiently catalyze the reaction to achieve reversibility. 

An unexpected characteristic was noticed when preparing bulk reduced solutions for other 

experiments, cyclic voltammograms of bulk reduced phosphomolybdic acid are different in 

appearance from their fully oxidized counterparts. When a cyclic voltammetric scan is 

performed, the reaction occurs entirely within the boundary layer. This assumption is valid when 

the ratio of diffusion coefficient to scan rate is sufficiently low. At these scan rates the 

assumption is valid. This means that the ratio of PMo12040~3ea\k to PMo12O40~5 Bulk should have 

no effect on the cyclic voltammetric response after the first cycle. 

To better understand this phenomena, solutions of phosphomolybdic acid were bulk reduced by 0 

(Figure 14), 1 (Figure 18) and 2 (Figure 19) electrons. This bulk reduction was conducted using 

an H-cell and a large area platinum electrode. Cyclic voltammetry was then performed and the 



results of the 6th cycle were used in the generation of this data. The first CV scan will often 

depend upon the solution redox state, but by the 6th scan the results will be stable. 

Figure 18: Cyclic Voltammetry of Phosphomolybdic Acid Bulk Reduced One Electron. 0.25 M 

H3PM012O40/O.25 M H5PM012O40, We: 3mm GC disk, Ce: Pt wire, Ref: Ag/AgCl (0.205 V vs 

NHE) 



Figure 19: Cyclic Voltammetry of Phosphomolybdic Acid Bulk Reduced Two Electrons. 0.5 M 

H5PM012O40, We: 3mm GC disk, Ce: Pt wire, Ref: Ag/AgCl (0.205 V vs NHE) 

We can see very little effect on the shape of peaks 2 and 3 from Figure . Peak 1 shows significant 

changes based on the ratio of PMo^O^q-3^^ to PMo120^0~5 Bulk. Peak1REDgets slightly smaller 

but shows no change in shape. Peakt begins to split into two separate waves at 0.55 V and 0.85 

V vs Ag/AgCl. This change indicates the formation of a third species in solution but it must be 

occurring on a time scale longer than the characteristic time of the CV scans. 

This type of reaction is known as an ECE reaction in electrochemical notation. E stands for an 

electron transfer step, C stands for a chemical step. What is believed to be occurring is that an 

electron is transferred to the POM complex, then a slow chemical step occurs in solution, then the 

newly formed chemical reacts on the electrode. This is competing with the 3 EE reactions which 

occur within each individual scan. 

One possibility considered for explaining the peak splitting was that it was caused by hydrolysis 

of the phosphomolybdic acid on the surface of the electrode where it was being reduced. To better 

distinguish between this possibility and the ECE reaction hypothesis, we conducted cyclic 

voltammetry in a phosphomolybdic acid solution which was being reduced by glucose (Figure ), 



Figure 20: Repeated CV of Phosphomolybdic Acid During Bulk Reduction by Glucose. 0.01 M 

H3PM012O40,1M HCI, We: 1.6mm Pt disk, Ce: Pt wire, Ref: Ag/AgCl (0.205 V vs NHE), 90oQ v 

= 25 mV/sec 

Figure 20 demonstrates repeat cyclic voltammograms of a 90 °C mixture of phosphomolybdic acid, 

hydrochloric acid, and glucose. The experiment consisted of heating a single chamber containing 

the solution, a Pt working and counter electrode, and the reference. The potential was cycled 

between 0.3 V and 1.0 V vs Ag/AgCl to isolate peak 1 from Figure 18 and Figure 19. The 

phosphomolybdic acid was reduced chemically by the glucose during this period and experienced 

no bulk electrochemical reduction as was evidenced by integrating the current over all the cycles. 

The overall electrochemical charge transferred to the 25 ml solution was a 16 coulomb oxidation 

in 51 hours. 

The 0.4 V reductive peak can be clearly identified in all of the scans although the peak height 

decreases with time and the peak begins to split, showing another potential peak near 0.5 V. The 

oxidative peak clearly splits with peak 1 showing a decrease in potential from 0.55 V to 0.45 V 

and peak 2 increasing in potential from 0.541 V to 0.6 V. Table 1 below shows the change in peak 

location as the solution is progressively reduced. Reduction peak 1 does not shift appreciably with 

the increasing concentration of the reduced species in the bulk. Oxidation peak 1 shifts closer to 

reduction peak 1 as the concentration of REDuuik increases, beginning to appear more reversible. 



Oxidation peak 2 shifts in the other direction, away from both oxidation and reduction peak 1. This 

makes for a very clear split in the two oxidation peaks. There is a possible reduction peak forming 

at 0.55 V but it is unclear due to the background current. 

What is clear from Figure 20 and Table 1 is that the phosphomolybdic acid peak does begin to 

split regardless of whether the solution is reduced chemically in solution as is done here or 

electrochemically as is demonstrated in Figure 19. This is further evidence that the reduced form 

of the phosphomolybdic acid is unstable in these conditions, either succumbing to its known 

hydrolytic instability or some other solution reaction. 70 

Table 1: Peak Height vs Scan Number 

Starting Time 

Cycle Number (h) Bred 

2 0.0073 0.405 

200 2.91 0.398 

400 5.84 0.3952 

800 11.7 0.3989 

3400 51 0.396 

Box-1 Eox-2 

0.541 N/A 

Not Identifiable 0.557 

0.459 0.5795 

0.458 0.5883 

0.471 0.597 

To further confirm the bulk reaction hypothesis, we conducted the experiment from Figure 20 with 

no glucose added. This solution contained maintained its original state of charge throughout the 

experiment. Figure 21 shows the cyclic voltammograms of phosphomolybdic acid in hydrochloric 

acid on a platinum electrode. There is almost no change over 4000 cycles. This shows that the 

reaction causing the peak splitting is occurring in the solution rather than at the electrode since the 

peak splitting does not occur without bulk reduction. 



Figure 21: Repeated CV of Phosphomolybdic Acid. 0.01 M H3PM012O40, 1M HCI, We: 1.6mm 

Pt disk, Ce: Pt wire, Ref: Ag/AgCl (0.205 V vs NHE), 90°Q v = 25 mV/sec 

During various full scale experiments, the phosphomolybdic acid solution turned dark blue and 

would not reoxidize (indicated by turning yellow). Single compartment cyclic voltammetry 

experiments also exhibited unusual behavior, a dark blue compound diffused away from both 

electrodes during cycling. It became necessary to determine if the cause of this was related to a 

chemical irreversibility or contamination. 

Potentiostatic coulometry (or bulk electrolysis) is a useful technique by which the state of charge 

of the entire solution can be controlled at will. The state of charge can be tracked by integrating 

the current (equation 4). The experiments take place on a longer time scale than most 

electrochemical experiments, enabling access to slower chemical steps. The most common metric 

for bulk electrolysis experiments in batteries is current efficiency at a given pair of potentials. 

Current efficiencies less than 1 are indications of irreversible reactions, although not necessarily 

of the intended compound. Imperfect current efficiency can be caused by side reactions at the 

electrode, instability of an active compound, solvent breakdown, or crossover of active species. 

The afore mentioned H-cell was used for these experiments with a platinum mesh working 

electrode and stirring. To minimize the opportunity for contamination, the apparatus was designed 



such that it is easy to confirm only glass, NAFION, platinum, and the reference electrode were in 

contact with the solution. 

The solution was cycled a total of 60 times between 0.35 V and 0.8 V, isolating peak 1 from the 

previous figures. The initial capacity of 35 coulombs corresponds almost perfectly to 2 electron 

transfer, confirming the literature reports that peak 1 is a 2 electron transfer redox reaction. 

The capacity starts at 35 coulombs and drops to 32 coulombs, a loss of 9% capacity over 60 cycles. 

The capacity fades and recovers several times although there is a general downward trend. After 

each cycle, the solution recovered its fully oxidized, pale yellow color. No crossover of 

phosphomolybdic acid was noted on visual inspection of the apparatus. This provided sufficient 

support to consider 2 electron reduction a safe 100% state of charge for battery experiments. It is 

possible and advantageous to reduce the solution further, but the stability of further reduction is 

not examined in this work. 

Following the preliminary work above, 5 polyoxometalate and co-catalyst compounds in 3 

supporting electrolytes were tested for activity in the oxidation of glycerol. Activity was 

generally ranked as Fe-PMoi204o> V-PM012O40 > PWMoii04o,> PM012O40 > TiO2-PMoi2O40> 

CU-PM012O40. Supporting electrolyte activity was ranked as 5 M HC1 > water > 5 M H2SO4. 

Recent reports on the use of keggin ions to breakdown biomass molecules has inspired us 

to search for increased activity and additional biomass compounds to use as substrates. The current 

glut of glycerol from the biodiesel boom makes it a particularly attractive substrate. This reaction 

is to be tested in aqueous solution at low temperature to decrease the likelihood of forming toxic 

byproducts. 

It has been shown that primary and secondary alcohols can be oxidized by polyoxometalate 

compounds in the presence of concentrated sulfuric acid. [2] The reaction mechanism is explored 

but the rates are not[4] Other researchers have used polyoxometalate compounds for the oxidation 

of starch and cellulose to power a fuel cell.[6] They studied the ability of different mediators and 

substrates to power a fuel cell but did not specifically look at the oxidation rates of those 

combinations. The literature also appears to be entirely lacking in hydrochloric acid based work, 

with all the research being focused on sulfuric acid or water based systems. 



Here we report reduction studies of five biomass compounds in 3 supporting electrolytes. Fe- 

PM012O40, V-PM012O40, PWM011O40, PM012O40, TiO2-PMoi2O40, and CU-PM012O40 were tested 

in the electrolytes of 5 M HC1, water, and 5 M H2SO4. The reaction rate constants and reaction 

orders are examined. 

Once it was determined that the kinetics of glucose oxidation by phosphomolybdic acid could not 

be readily studied with cyclic voltammetry, we conducted bulk oxidation experiments to 

understand the glycerol oxidation kinetics. Excess glycerol was placed in a sealed glass reactor 

with catalyst and thermostatted to 90 °C The glass reaction chamber was connected to an 

electrochemical flow cell. The steady state current was recorded as R (equation 1). To increase 

signal, a series of reduction and reoxidation steps were performed. 

The batch experiment is expected to be as pseudo first order since the experiment has excess 

substrate with the POMox concentration changing. In the continuous experiment, the substrate is 

supplied in great excess and the POM is being regenerated, this is a pseudo zeroth order reaction 

since none of the reagent concentrations are changing. The results of these two experiments are 

correlated later to help provide confirmation of results and to develop additional parameters. 

1 R = K * [Substrate]* * [POMox]Y\Co — Catalyst]2 

The conversion of charge passed to moles is accomplished using the equation 2. 

2 Q = nFN 

Where Q is charge passed in coulombs, n is the number of electrons per equivalent, N is the number 

of moles reacted, and F is the Faraday constant (96485 C/Mol). For consistency and ease of 

conversion we work in moles of H+ or e\ which directly translates to grams of hydrogen. 

We compared the effect of several additives in either water, HCI or H2SO4. The presence of sulfuric 

acid has been shown to increase the rate and alter the mechanism (PC-ET to ET-OT) for the 

oxidation of the primary and secondary alcohols by polyoxometalates.[4] 

Figure 22 shows the reoxidation profiles of several catalyst combinations in a solution consisting 

of catalyst, glycerol, and water. The copper and titanium dioxide solutions show a decrease in 

activity relative to the base line of the pure phosphomolybdic acid. They show far lower activity 



than the pure phosphomolybdic acid for the oxidation of glycerol. The best performing 

combinations in this system are the iron and vanadium complexes. The reoxidation profiles of the 

iron and vanadium systems are such that they continue to show significant current for their entire 

reoxidation time. The other combinations undergo rapid reoxidation until they reach a steady state 

of low constant current. The pure phosphomolybdic acid, vanadium-phosphomolybdic acid, and 

phosphomolybdotungstic acid solutions show increasing levels of reduction with each increasing 

time step of 2, 4, 6, and 8 hours. The iron system approaches its maximum reduction by the second 

reduction step of 4 hours. The best of these systems still only yield about 70 Coulombs or 0.00073 

g of hydrogen, in 10 hours. 

Figure 22: Catalysts in 0.5 M Glycerol 

The rates of glycerol oxidation presented in Figure... are insufficient for the development of a 

device. It has been suggested that the presence of sulfuric acid can catalyze the oxidation process 

two separate ways. Several authors discuss a change in the reaction mechanism from electron 

transfer to oxygen insertion in the presence of sulfuric acid. [4] 

Another possibility is that at higher temperatures (above 50 °Q, the mediators can react with water 

to produce a variety of oxidizing and super oxidizing compounds. Super oxidizers are species with 



redox potentials greater than that of the Ce3+fCeA+ redox couple (1.7 V). For example, Fe(IU) 

can be oxidized at the anode of an electrochemical cell to form the super oxidizer Fe(IV) as is 

shown in 3. 

3 Fe2+ + 4H20 Fe0^2~ + 8H+ + 3e~ 

Mediators can also react with anions in the solution such as S04z~ to produce S04~ radicals which 

are also powerful oxidizers.5 

Figure 23 shows the oxidation profile of the catalysts shown in Figure 22 when exposed to 5 M 

sulfuric acid. All combinations tested are significantly less reactive in the sulfuric acid except for 

the neat phosphomolybdic acid which stayed roughly the same. The iron system was once again 

the most reactive although far less reactive than without the acid. It achieved a 10 hour reduction 

charge of roughly 45 coulombs The extended time period of elevated current for the iron and 

vanadium systems is no longer present. This could be due to improved electrode kinetics at lowered 

pH values. It could also be due to lowered reactivity with the glycerol substrate. The titanium 

dioxide and copper solutions once again provided little to activity. The vanadium system was the 

worst of the remaining combinations. All systems showed continued reduction across the increased 

time ranges. This indicates that they were not approaching the end of their ability to continue to 

oxidize the glycerol, this is due to their extremely low reactivity. 

Figure 23: Catalysts in 0.5 M Glycerol + 5M H2SO4 



In the search for increased reaction rates, hydrochloric acid was also chosen to explore due to its 

ability to form various chloride radicals, similar to the iron and sulfuric acid systems. Figure 24 

shows the reoxidation profiles of the selected catalyst combinations in 5 M HC1. It becomes 

immediately apparent that all the catalyst combinations offer improved performance in the 

presence of MCI versus neat or with sulfuric acid. Even the titanium dioxide and copper systems 

showed measurable activity in the presence of hydrochloric acid. In this case the copper showed 

the lowest activity and vanadium showed the highest. The iron system showed a cutoff at about 60 

coulombs, similar to the 70 where it began to cutoff during the neat experiments. Here it reached 

the cutoff charge in 4 hours instead of 6 hours as in the neat system. The phosphomolydbdotungstic 

acid combination showed greatly improved performance in the presence of HC1. It rivaled iron 

within 6 hours and did not show the same type of cutoff as iron, gradually increasing to 82 

coulombs in 10 hours. 

The vanadium performance in FIG was the most promising with over 112 coulombs or .00116 g 

hydrogen in 10 hours. One possible explanation for this is that vanadium can form a variety of 

highly reactive vanadium chloride complexes in acidic conditions.6 

Figure 24: Catalysts in 0.5 M Glycerol + 5M HC1 

After examining the above reoxidation profiles it was necessary to understand the influence of the 

abrupt decrease in current experienced shortly after each reoxidation step occurs. The charge to 



current relationship is shown in equation 4. It is desirable to use a simplification of equation 4, 

shown in equation 5. 

4 q = f idt 

5 q= ifinal*&t 

If this simplification holds, then ifinai will be shown as a suitable surrogate for R in equation I. 

Figures 25, 26 and 27 show the total charge passed (Y-axis) the predicted charge from the ifinai 

(X-Axis), effectively comparing equations 4 and 5. The final values lie along the red line when 

they are equivalent and the assumption holds. For reference 1 electron reduction per keggin unit 

corresponds to roughly 120 coulombs, 100% SOC as referenced in chapter 4 and 5 corresponds to 

240 coulombs. 

Figure 25 shows the comparison of predicted and recorded Q values for the 4-hour time step. That 

is 2 hours of chemical reduction, followed by 2 hours of concurrent chemical reduction and 

electrochemical oxidation. The simplification inherent in equation 5 appears valid for all samples 

except the FePMoiaCUo, FePMo^Cfio - HC1, and VPM012O40 - HC1. These are the samples 

showing the highest Interestingly, none of the samples except for the TiCfi-PMonCfio 

outperformed the Q predicted. 
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Figure 25: 4 Hour Q Measured vs Q Predicted 



Figure 26 shows the same comparison of the two Q values as before but with 4 hours reduction, 

followed by 2 hours of chemical reduction and electrochemical reoxidation. As before, the 

FePMoi204o, FePMoizCUo - HCI, and VPM012O40 — HC1 samples are showing significant 

differences between the predicted and experienced Q values. Additionally, PWM011O40 - HCI is 

added to the list of samples which are showing this difference. 

Figure 27 further shows this difference at the 8 hour mark, 6 hours of chemical reduction, followed 

by 2 hours of chemical reduction and electrochemical oxidation. By this point, the top 6 performing 

catalyst combinations are showing Qpredicted/Qachia! far less than 1. Those samples are FePMo^Cbo, 

FePMo^CUo - HCI, PWMo, iO40 - HCI, PM012O40, VPM012O40 - HCI, and FePMo^Cbo - HCI. It 

can be reasonably assumed that all of these samples are now showing sufficient degrees of 

reduction to require the use of the full equation 1, rather than the simplified version. 
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Figure26: 6 Hour Q Measured vs Q Predicted 
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Figure 27: 8 Hour Q Measured vs Q Predicted 

There are three hypothesized reasons for this consistent movement away from the 1:1 ratio of Q 

to Q-predicted with time. The first is the production of inhibiting products. Inhibiting products 

could be glycerol oxidation products or compounds formed by the reduction of catalyst complexes. 

A second is the reduction in the concentration of active catalyst species. The concentration of 

glycerol is not changing by more than 2.5% based on coulometry. The other likely explanation is 

that the electrochemical performance is too low to allow the samples to be fully reoxidized before 

reaching the end of the 2 hour oxidation period. This is unlikely since all samples returned to their 

initial color, indicating full reoxidation. 

We believe that inhibiting glycerol oxidation products are likely not the culprit. The 4, 6, 8 ,and 

10 hour steps were all run on the same solution, one after the other. The known glycerol oxidation 

products are not able to be electrochemically oxidized on carbon felt, so they would still likely be 

present after the electrooxidation phase. The cell appears to regenerate after each reoxidation step. 

A chemical study of the products in solution could be used to determine the presence of any 

inhibiting products and their activity on carbon felts in the presence of POM. 

Liu showed the formation of starch-phosphomolybdic acid complexes (Figure 28). [3] Similar 

complexes with glycerol or glycerol oxidation products and phosphomolybdic acid may be 

hindering the reaction progress until they can be oxidized electrochemically. The other likely cause 

is that the quantity of oxidized phosphomolybdic acid is decreasing as it is reduced, this is linked 



to the complexation possibility. They may show similar kinetic response, requiring spectroscopy 

to differentiate. 
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Figure 28: Formation of Starch-POM Complexes (Reproduced from Reference 3) 

The purpose of Figures 25-27 is to assist in the understanding and selection of catalyst 

combinations. An ideal biomass oxidation catalyst has both the highest steady state current and 

the highest Q-transferred. The top performing catalysts in one metric are not necessarily the same 

as the top performing in the other metric. The choice of which metric to optimize depends on the 

intended mode of operation. 

One proposed mode of operation is pulsed, based in response to electricity pricing. The solution 

reaction occurs in the presence of sunlight or waste heat for many hours, then a hydrogen tank is 

filled quickly when electrical power is cheap. This mode of operation favors the catalyst with the 

highest Q-transferred, namely the VPM012O40 - HC1 and VPM012O40 based systems. The 

effectiveness of vanadium for this purpose may be due to vanadium storing additional charge 

which can be oxidized at the electrode? 

A the continuous process has a higher conversion rate, for this process the higher IsSand associated 

Q-predicted is preferable. The iron based systems appear to have the highest steady state currents 

at every time step. Iron has an important weakness as a catalyst, it is known to be unstable and 

destructive to NAFION membranes. For this reason iron systems may require a binder to control 

their activity. Amino acid complexes have been suggested as binders to control the iron activity. 

To better understand the reaction rate, Figures 29-31 show the reaction rate vs electrons 

transferred. The Y axis represents the number of coulombs passed per hour over each time step. 

The X axis shows the number of electrons transferred. Electrons transferred can also be used as a 

proxy for time, when read from left to right, each marker represents the time points 4, 6, 8, and 10 

hours respectively. This allows a subjective understanding of the cases where applying a rate 

equation will make sense. A more rigorous examination of the kinetics will occur in the next 

section. 



Figure 29 shows this for the glycerol-catalyst combination with no supporting acid. As discussed 

previously, the iron and vanadium systems show the highest activity. The iron data is noisy but no 

system passes 0.65 electrons per keggin unit. The dependence of iron reaction rate on conversion 

appears unclear, unless the first (4hr) data point is erroneous. Iron experiences a shaip reduction 

in reaction rate around 0.65 electrons per keggin unit. The phosphomolybdotungstinic acid system 

is slightly more active than the phosphomolybdic acid only system, showing both a higher rate and 

a higher conversion. Only the Vanadium system shows an expected dependence of reaction rate 

on electrons transferred. 

Figure 29: Reaction Rate vs Electrons Transferred, Neat Solution 

Figure 30 shows the reaction rate vs electrons transferred for the polyoxometalate-sulfuric acid 

systems. All combinations were notably less active when exposed to sulfuric acid. Here the highest 

activity catalyst by a large margin is the iron phosphomolybdate combination. The last data point 

was lost, but it outperforms the others in both rate and electrons transferred at every step recorded. 

The vanadium system underperforms in the presence of sulfuric acid. The pure phosphomolybdic 

acid-sulfuric acid combination performs quite well. Curiously, the reaction rate appears to increase 

with conversion. This could be due to sluggish electrode kinetics, causing incomplete reoxidation 

of the reduced catalyst in the electrochemical step. Once the number of electrons reaches a high 

enough level, then the reoxidation step may proceed at a higher rate. The vanadium, iron, and 

tungsten containing systems all appear to follow the expected trend of decreasing reaction rate 

with decreasing concentration of oxidized mediator. 
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Figure 30: Reaction Rate vs Electrons Transferred, H2SO4 Solution 

Figure 31 shows the reaction rate vs electrons transferred plot for the hydrochloric acid- 

phosphomolybdic acid solution. Hydrochloric acid shows the highest activity of any combination 

tested. All catalysts showed higher reaction rates than in sulfuric acid or water. Vanadium showed 

the highest activity and a clear linear trend of decreasing activity vs electrons transferred. Iron 

showed the highest initial activity, then the activity sharply decreased around 0.5 electrons per 

keggin unit. The tungsten system exhibited a rapid but more controlled decrease in activity with 

electrons transferred. The pure phosphomolybdic acid system showed no clear trend of rate vs 

electrons transferred. 



Figure 31: Reaction Rate vs Electrons Transferred, MCI Solution 

The experiment performed was designed such that the only reagent changing concentration 

significantly was the catalyst, the supporting acid and glycerol were supplied in large excess. The 

reaction reaction rate should only depend on the concentration of catalyst supplied, rolling the 

effects of the other reagents into the reaction rate k\ This is intended to enable discovery of the 

reaction order with respect to the catalyst. The experiment can then to be performed at a variety of 

concentrations for the other reagents. The k' values can then be plotted against concentration to 

determine k and the reaction orders. 

Reaction order is determined tracking the change in concentration vs time. A zeroth order reaction 

shows no dependence of reaction rate on concentration, this can occur in systems where there is a 

limiting factor other than the reagents. Catalyzed systems where the catalyst surface is saturated 

are the most common example of such zeroth order reactions. It is unlikely that this system is 

zeroth order because there is no solid catalyst used. First order reactions show a linear relationship 

between reagent concentration and reaction rate. Vanadium appears to have this relationship in 

water and hydrochloric acid (Figures 29 and 31). Second order reactions show reaction rates 

proportional to the square of the concentration. This commonly occurs when two molecuules of 

the reagent are required to meet in time and space for the reaction to occur. From what is known 

about the mechanism of biomass oxidation by phosphomolybdic acid, this is unlikely. 



Each reaction order will show linear behavior on a different representation of concentration and 

time. The slope of the appropriate linear plot is then used to determine the value of k\ Typical 

reaction rate laws and the appropriate linear plots for different reaction orders are given in Table 

2. 

Table 2: Reaction Order Equations and Plots 

Zeroth Order First Order Second Order 

Rate Law ~d[A] 

dt 
= k[A] 

Integrated Rate [A] = [A0] — kt M = l4o]e kt 

Law 

Linear Plot [A] vs t Ln([A]) vs t 

~d[A] 

dt 
= k[A]2 

1 

t 

Figures 32-34 show the R2 values of the linear fits. This is done to determine which plot is most 

appropriate. When multiple reaction orders are linear, it is assumed that the reaction first order. 

This assumption is made because the reaction mechanism suggests first order kinetics. 

The reaction is not assumed to be zeroth order. The different rates afforded by the different catalyst 

molecules chosen suggest a significant involvement in the reaction, making zeroth order kinetics 

less likely. It is expected that the extremely low reaction rates and corresponding extents of 

reaction will lead to high degrees of linearity. The degree of conversion may be further complicated 

by the continuing presence of reduced POM in solution. The 2/4 electron reduced POM couple is 

used by some similar systems for the oxidation of biomass. This means that the concentration of 

active species does not decrease linearly. The active species becomes reduced and forms a second 

active species, albeit likely one of reduced activity relative to the fully oxidized species. 



Figure 32: R2 for Linear Fit vs Reaction Order Plot-Neat 

Figure 33 shows the R2 of the sulfuric acid containing solutions. The pure phosphomolybdic acid 

system appears to be zeroth order, correlation decreases with reaction order. The iron system 

appears to be first order, The correlation is extremely low for the zeroth order plot (~0.2) and 

jumps up to almost 1 for first order plot. 

Figure 33: R2 for Linear Fit vs Reaction Order Plot-H2S04 

Figure 34 gives the R2 data for the hydrochloric acid containing systems, the highest activity 

combinations tested. Again, the iron system is clearly first order with an extremely low correlation 



(~0.2) in the zeroth order plot. The vanadium system exhibits a slight peak in the first order plot. 

The other systems can all be modeled as zeroth order or first order. 

1.00 ■ 

O.SS-g 

TO 0 90 - 

Q 0.85 - 

to cn 
0.BC - 

0,75- T_- 
0.0 

H3PMo,;O40l 5M HCI 
FePMOijOfo, 5M HCI 

_e- PWMo^O^, 5M HCI _ 
VPMO12O40. 5M HCI 

-4- CuMo^O^, 5M HCI 
-X- TiO2-PMo12O40, SV HCI 

I 
0,5 

:i=: 
-6 

r 
1.0 

I 
1.5 2.0 

RXN Order 

Figure 34: R2 for Linear Fit vs Reaction Order Plot-HCl 

All of this is to suggest that a k’ value can be calculated assuming the reactions are first order. 

Figure 35 gives the k’ values for all catalyst combinations tested, note the units are 10"3 hr1. These 

are extremely low reaction rates. Further experimentation is still required to transform the k’ values 

into k values, k values can be used with the rate equation to determine the size and concentration 

of reaction chambers necessary for given production rates of hydrogen. 

Further optimization is likely possible, especially with respect to the catalyst POM ratios. It may 

be possible to do away with the expensive POM and use a larger ratio of the relatively inexpensive 

co-catalyst. 
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Figure 35: k’ Values for all solvent and catalyst combinations 

Implications for Scale Up 

Construction of hydrogen fueling stations is the definition of eventual success for the ideas 

presented in this work. The data presented in chapter 5 suggests that phosphomolybdic acid can 

be reliably oxidized in an electrolysis cell. The current densities shown will allow for reasonable 

stack sizes. 

Stack construction is only half the chemical side of the proposed design. Determining the 

composition, size, and concentration of the chemical reduction chamber is also essential to 

understanding scale up feasibility. Hydrogen fuel cell vehicles travel roughly 70 miles per 

kilogram of hydrogen. According to the Federal Highway Administration, the average American 

drives roughly 13,500 miles per year. That means the average American would require 192 kg/yr 

or 0.022 kg/hr of hydrogen. The electrolytic production of hydrogen fuel will therefore require an 

average of 590 Amps current at all times per vehicle to be fueled. This is irrespective of what is 

being electrolyzed. This number creates great challenges and opportunities. Scaling up to the 

required size will be difficult and costly, but any voltage efficiencies gained will be multiplied 

over 590 Amps. Assuming 1.6 V for water electrolysis and 0.8 V for POM electrolysis the 

electrical demand is 944 Watts and 472 Watts respectively. 



The highest steady state current achieved was 6.9 mA with POM concentration of 0.025 M, 

although concentrations of 0.5 M POM were possible. Assuming the reaction is first order in 

everything, 138mA are possible from a 0.5 M glycerol solution. 5M glycerol is also possible which 

would yield 1.38 A from a 50 mL reactor although the reaction order in glycerol is still unknown. 

In this ideal situation, a 56 gallon tank containing $3000 worth of molybdenum is required per 

vehicle. That is based on the molybdenum spot price of $15 per kg. 
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11.3 Composite Catalyst Layers 

In this study, a set of experimental techniques is adopted to characterize the fundamental 

properties of machine-prepared cathode catalyst layers (CLs) formed by different Pt to carbon 

(Pt:C) ratios, a highly graphitized carbon (EA carbon) and 3M ionomer (825EW) with a fixed 

ionomer to carbon (I:C) ratio. Scanning electron microscopy, transmission electron microscopy 

and Brunauer-Emmett-Teller nitrogen adsorption were conducted to investigate the CL 

microstructure including material dispersion and porosity. This analysis was performed on both 

the CL in an as-prepared condition and after being subjected to a standard Polymer Electrolyte 

Membrane Fuel Cell (PEMFC) testing protocol. The Pt:C ratio had a significant influence on the 

CL structure and transport properties. The lowest Pt:C ratio (30:70) exhibited a higher volume of 

secondary pores and higher proton conductivity over the whole relative humidity range. Such 

behavior can be associated with a more homogeneous ionomer distribution throughout the CL. 

The thin-film composite catalyst layer (CL) is a central component of proton exchange 

membrane fuel cells (PEMFCs). This layer, located at the electrode/membrane interface, 

comprises the region where the electrochemical reactions take place. Both the hydrogen 

oxidation reaction (HOR) and the oxygen reduction reaction (ORR) require a catalytic material 

to break the molecular bond of the diatomic gaseous reactant molecules, given the low- 

temperature conditions in a PEMFC.[1] 

Platinum (Pt) and its alloys have prevailed as the PEMFC catalysts par excellence, due to their 

high activity towards both HOR and ORR, and their stability under standard operating 

conditions. However, the high cost and limited availability of the precious Pt metal set a cap on 

the maximum Pt loading for this technology to be economically feasible. The U.S. Department 

of Energy (DOE) established a 0.125 gprkW 1 total loading target at 150 kPa (abs) for a 

transportation PEMFC stack.[2] Such a balance between performance, durability and low Pt 

loading represents a challenge, especially on the cathode side, given the slower ORR kinetics. 

The CL design has undergone significant changes since the first-generation CLs that contained 

Pt black particles with polytetrafluoroethylene (PTFE) as the binder material.[3] The CL design 

typically used today corresponds to the thin-film CL system, which was proposed by Wilson and 

Gottesfeld in 1992.[4,5] This ionomer-bondcd hydrophilic CL ensures a large contact area 

between the catalyst particles and the ionomer.[4] For such CLs, Pt utilization has been found to 



be up to 45.4%, with very low catalyst loadings (0.12-0.16 mgpt'cm"2) and thicknesses (<10 

pm). [6] 

The effect of different levels of ionomer loading, particularly using Nafion®, has been widely 

investigated in thin-film CLs.[7-10] Studies have shown limitations in the CL proton 

conductivity (oCL H+) at low ionomer contents, which have been associated with the difficulty to 

form a continuous ionomer network.[10] On the other hand, an excess of ionomer can obstruct 

gas access to the reactive sites, hindering the reaction progress. Optimum Nafion loading in the 

CL has been reported to lie within the 30-40 wt.% range.[10,11] However, this value 

significantly depends on the carbon support structure. [12] Furthermore, the nanostructure of the 

ionomer can also be critical for the wide range of transport processes taking place in the CL. 

Although the perfluorosulfonic acid (PFSA) ionomer membrane structure have been extensively 

studied,[13] the properties of a confined thin-film ionomer are still not well understood. Several 

studies have shown that Nafion exhibits a heterogeneous distribution inside the CL with a 2- 

lOnm thickness.[14] Such confinement can drastically affect the ionomer structure orientation 

and, therefore, the mechanisms of proton conduction and overall CL performance. Proton 

conductivity studies involving recast polymer films on a flat substrate have indicated intrinsic 

differences when compared to the bulk material.[15,16] 

In the CL, the specific nanostructure is determined by the relative strength of interaction of the 

ionomer with the carbon, Pt or with itself; these are, in turn, related to the staicture of the 

ionomer and its degree of functionalization with sulfonic acid groups. Indeed, some indications 

of specific adsorption of sulfonate groups on specific crystal faces of Pt have been reported. 

[ 17,18] This observation has led to widespread speculation that the sulfonate group interacts 

strongly with Pt particles in the CL, thereby ‘poisoning’ the Pt for ORR. Electrode performance 

is affected by several key properties of the ionomer component, such as conductivity and water 

uptake, which in turn are affected in various ways by the ionomer distribution. 

Determining the ionic conductivity requires separating electronic and ionic contributions in the 

mixed conductor that is the composite CL. Ex situ measurements were first reported by Saab et 

al. using combinations of ionic and electronically conductive contacts to separate the two 

contributions.[19] Several studies investigating conductivity in situ have used a simplified 

transmission line model. [ This approach, originally proposed by [20-22] Lefebvre et al. in 1999, 

uses a H2-fed anode as reference and counter electrode and a Na-purged cathode as working 



electrode, thus eliminating the nonlinear charge-transfer resistances associated to the ORR. In the 

H2/N2 system, hydrogen evolution occurs at the Hi-fed counter/reference electrode, while the 

oxidation of the permeated H2 occurs at the N2-fed working electrode. [20] In subsequent work 

published by Liu et ah, data acquisition was performed within the H-ad sorption/de sorption 

(HAD) region (~0.05-0.25V) to assure that the cathode capacity measurements are independent 

from the RH and frequency (up to 10kHz), The latter is guaranteed under the assumption that at 

low voltage perturbations, the HAD pseudocapacitance is constant up to a ~10kHz frequency. 

[20,23] Electrochemical impedance spectroscopy (EIS) measurements are carried out at a 

sufficiently high potential to ensure that the permeated-Ih oxidation is permeation limited and, 

therefore, that the AC impedance signal is not influenced by the hydrogen crossover. 

Water uptake (A[=] mol H2 O/mol SOJ), defined as the number of water molecules per mole of 

sulfonic-acid groups, has also been the focus of numerous studies on the proton conducting 

membrane. Zawodzinski et ah investigated A, and transport properties of Nafion 117 membranes 

at 30°C, reporting X=\4 with the membrane exposed to saturated water vapor and A,=22 with the 

membrane immersed in liquid water.[24] Bai et ah studied the A. behavior of a series of 3M 

ionomer membranes including 3M’s PFSAs with 825 equivalent weight (EW), which 

corresponds to the bulk membrane form of the ionomer used in the CL of this study. For the 

recast ionomer inside the CL, there is strong evidence that transport and morphology differ from 

the bulk membranes. [15,16] Siroma et ah reported the conductivity of a Nafion thin-film of 

about lOOnm thick was about an order of magnitude less than that of bulk material. [16] Also, the 

thin-films showed a higher activation energy for proton conduction, suggesting an intrinsic 

change as the ionomer thickness decreases. Concurring with Siroma’s study, the proton 

conductivity of the CL has been reported to be an order of magnitude smaller than the bulk 

membrane.[25] 

Water adsorption and transport in Nafion thin-films have also been examined by several studies. 

[26-29] Sun et ah studied water uptake and transport of water within homemade CL films. [30] 

Using a combination of NMR probes reporting on local (relaxation) and long-range (PGSE 

Diffusion), they concluded that in the low-water content regime the local environment for water 

hydrating the sulfonate groups is essentially the same in the CL while longer range diffusion is 

strongly dependent on water content and decreases dramatically as water content decreases. The 

latter decrease is much stronger than in a membrane. This observation, taken together with the 



likelihood that all water at low water contents is associated with sulfonates, suggests that 

decreasing hydration breaks up the connectivity of the ionomer network in the CL. Eastman et al. 

studied swelling (defined as the change in dimensions to accommodate adsorbed water 

molecules), water solubility and transport kinetics of adsorbed Nafion films thinner than 222 nm 

as a function of RH. [31] The equilibrium water adsorption was analyzed using specular X-ray 

reflectivity (SXR). In this study, films with a thickness below 60 nm exhibited lower water 

uptake, which was further verified with quartz-crystal microbalance analysis. These effects were 

attributed to the macromolecular and morphological confinement of the Nafion thin-film. A 

model based on neutron reflectivity was utilized to confirm that the confinement effect is 

associated with the Nafion film, and not with the silicon substrate. Results from small angle X- 

ray scattering under grazing incident angles (GISAXS) suggested that the ionic domains could 

construct a more ordered structure as the thickness increased. However, we note that these 

findings must be applied with some caution. The carbon or Pt on which the ionomer is adsorbed 

in the real system is highly rough and the surface morphology plays a role in ‘templating’ the 

resulting ionomer ordering. 

Unlike the bulk ionomer membrane, the ionomer in the CL also must be permeable to gases. 

Reactants must be able to diffuse through the thin-film ionomer layer to reach the catalytic 

reaction sites. Therefore, gas permeability through ionomer thin-films has been an important 

research focus. Permeability is the product of solubility and diffusion of the gas, oxygen, through 

the ionomer. [32] PFSA ionomers exhibit higher permeability than hydrocarbon ionomers. [33] 

In this work, we seek to further understand the ionomer distribution and its effect on the CL 

properties. We present detailed characterization of a CL prepared by an industrial process (3M), 

as opposed to handmade catalysts from inks and decals. Unlike the many model studies or 

studies that use a ‘homemade recipe’, we are able to present detailed data for a realistic CL for a 

range of compositions. These films are specially prepared as free-standing films and are 

composed of a highly graphitized carbon (Tanaka EA-type carbon) and 3M ionomer (825EW) 

with a fixed ionomer to carbon (I:C) ratio. Analysis was performed on the CL in an as-prepared 

condition and after being subjected to a standard PEMFC test protocol. Scanning electron 

microscopy (SEM), transmission electron microscopy (TEM) and Brunauer-Emmett-Teller 

(BET) nitrogen adsorption were conducted to investigate the microstructure including material 

dispersions and porosity. The water uptake and conductivity were determined for each Pt:C ratio 



as a function of relative humidity. This analysis provides insight into the ionomer distribution 

and the carbon-ionomer interaction. 

Free-standing machine prepared CLs with different Pt:C ratios were provided by 3M for this 

study. The electrodes provided were composed of Pt-supported Tanaka EA-type carbon and 3M 

ionomer (825EW). The EA-type carbon is a graphitized Ketjenblack (K.B) EC600JD carbon. The 

unmodified KB EC600JD is a high-surface area (~1400 nf-g'1 BET area) carbon black material. 

In general, carbon black materials exhibit a bimodal pore size distribution, which includes the so- 

called primary pores (2-20 nm diameter) located within agglomerates of carbon particles and 

secondary pores (>20 nm diameter) between aggregates of agglomerated KB. [14,32,34,35] KB 

carbon, in particular, also exhibits a significant fraction of micropores (<2 nm) compared to other 

widely used carbon black materials such as Vulcan XC-72.[34] Although KB carbon is 

nominally non-graphitized, primary KB carbon particles display a meso-graphitic structure 

at/near the outer surface. [12,36] Further graphitization, usually achieved by applying high 

current densities or temperatures (>2500 °C), have a positive effect on the resistance of the 

material to electrochemical corrosion and, therefore, its durability. [37, 38] 

Three sets of free-standing CLs were provided as 15x30 cm thin electrode sheets, loosely 

supported on a paper liner for easy detachment. The general properties of these samples are 

shown in figure 3|; all sets were prepared with a 0.25 mgivcm"2 loading, 1.0 I:C ratio, and 

30:70, 50:50 and 70:30 w/w Pt:C ratios. A more uniform and homogeneous electrode area can be 

guaranteed through this fabrication technique in comparison with handmade CLs. Free-standing 

CLs were used instead of a catalyst coated membrane to allow the ready application of certain 

experimental methods that can be affected by the membrane contribution. In particular, BET and 

microscopy measurements are easier when using the free-standing samples. 

Physicochemical Characterization 

Transmission Electron Microscopy. Typically, TEM has been conducted on powders scraped 

from the electrodes with the main objective of characterizing the electrocatalyst. [6, 39, 40] 

However, this methodology is not able to provide information on the overall CL structure, given 

the loss of spatial integrity. [41] In contrast, standard diamond-knife cutting of epoxy-embedded 

membrane electrode assemblies (MEAs) allows for the structural preservation and for the cross- 

section visualization of the CL.[42] 



Samples for this study were prepared through both scraping and epoxy-embedding techniques, as 

described below: 

• Scraping: The catalytic material was scraped from the freestanding electrodes to visualize the 

electrocatalysts material. The scraped material was then dispersed in methanol, and a drop of 

this suspension was placed on a 300-mesh copper grid. 

• Epoxy-embedding: A small piece of the MEA was removed and embedded in an epoxy resin. 

Samples were then microtomed at room temperature using a Leica UCT. Araldite was used 

as embedding material and it was polymerized at 60°C for 24 hours in a vacuum oven. 

All samples were examined in aElitachi HF-3300 300 kV TEM/STEM (scanning transmission 

electron microscope), with a cold-field emission gun and 0.12 nm imaging resolution. This 

technique allowed characterization of the microstructure of the CLs in terms of Ft size 

distribution, and carbon support structure. 

Pt Size Distribution. Given the high atomic number of Ft and the contrast differences with the 

other CL components, it is possible to evaluate Pt sizes and distributions from the TEM images. 

For this purpose, many TEM images from different areas of both fresh and post-operation CLs 

were acquired. Imaged® was used to manually count the individual particles, guaranteeing that a 

large number of particles (>1000) was counted in each sample. 

This parameter was analyzed for both fresh (pristine) and post-FC operation electrodes, to study 

the changes that the electrode undergoes during standard operation. The Statgraphics® software 

was used to process the results obtained. To compare and study the statistical distributions, two 

shape parameters were calculated: standardized skewness and standardized kurtosis. 

The standardized skewness (zx) is a measure of the asymmetry of the data distribution, 

calculated according to Equation 1: [43, 44] 

n SP=i (Xj — >03 
^ = (n - inn - 2V (1) 
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Where n is the number of observations, Xj is the ith observation, x is the average or arithmetic 

mean, and s is the standard deviation. Positive skewness indicates a longer upper tail than lower, 

while negative skewness indicates a longer lower tail. At the 5% significance level, significant 

skewness could be asserted if the value of z1 falls outside the interval (-2, +2). 



The standardized kurtosis (z2) is a measure of the relative peakedness or flatness compared to a 

normal (bell-shaped) curve: [43, 44] 

n(n + 1) ZfLiQti ~ x)4 3(n — l)z 
(n — l)(n — 2)(n — 3)s4 (n-2)(n-3) (2) 

A value close to 0 corresponds to a bell-shaped nonnal distribution. A positive z2 value 

corresponds to a distribution that is more peaked in the center and has longer tails than the 

normal; whereas a negative z2 value indicates a flatter distribution than the normal with shorter 

rails. At the 5% significance level, significant kurtosis could be asserted if zz fell outside the 

interval (-2, +2).[45] 

X-Ray Diffraction (XRD). The XRD patterns of the samples were measured with a Bruker D2 

Phaser diffractometer with Cu Kot radiation. The well-known Scherrer equation (Eqn. ( 3 )[46] 

KA 

pcosQ 

was used to calculate catalyst particle size: [46] 

(3) 

L = 
KA 

(3) 
pCOS0 

In this equation, L is the mean size of the crystalline domains, K is a numerical factor that 

depends on the actual shape of the crystallite and (3 is the half-value breadth of the diffracted 

beam. 

Gas Sorption Technique. To further study the structure of these materials and obtain 

information on the pore structure, the nitrogen (N2) adsorption technique was used. The surface 

area and the pore size distribution (PSD) of the catalysts were measured and. BET and Barrett- 

Joyner-Halenda (BJH) Pore Size ND Volume Analysis were employed to analyze data. 

Water Uptake (A) Measurements. To perform A measurements in the free-standing electrodes, 

each electrode was transferred onto a Kapton ^ film. The purpose of this transfer was to provide 

mechanical stability to the thin electrodes. All samples were hot-pressed at 120°C for 15 min. 

Then, the CL/Kapton system was dried by suspending it over a volume of phosphorous 

pentoxide (P2O5) for a period of 7 days. The dried samples were suspended over lithium chloride 

(LiCl) solutions with different concentrations over 7 days. Excess water was removed with the 



aid of Kimwipes. After reaching equilibrium, the final weight of the sample (Wwet) was 

registered. 

Electrochemical Impedance Spectroscopy (EIS). This technique has been developed 

elsewhere and is particularly useful for in situ CL proton resistance measurements.[35] For this 

experiment, membrane electrode assemblies (MEAs) were prepared by hot-pressing the 

freestanding electrodes at one side of a Nafion 212 membrane at 140°C for 10 min with a 1000 

kg load. Subsequently, an in-house prepared anode electrode was hot-pressed to the other side of 

the membrane, along with a gas diffusion layer (GDL) against the cathode side. 

The in-house anodes were prepared by mixing 10 mg of 30:70 w/w Pt:C Tanaka® catalyst 

powder, with 1 ml of isopropanol and 122 mg of 5 wt. % Nafion solution. The ink was sprayed 

onto a 5 cm2 GDL using an airbrush. Ink was sprayed onto the substrate until a 0.2 mgpt cnv2 

catalyst loading was reached. GDLs made of carbon paper with a carbon coating (SIGRACET® 

Gas Diffusion Media, Type GDL 25 BC) were used for both electrodes. The oCL H+ can then be 

calculated from the Nyquist plot, typically exhibiting two characteristics behaviors: a 45° angle 

region at high to intermediate frequencies due to proton resistance in the CL and a 55-90° angle 

in the lower frequency region representing the CL capacitance and resistance. [21,32, 35, 47] 

The CL proton resistance, Rp, can be obtained from the extrapolation of both slopes to the real 

impedance axis. [32, 35, 47] 

RP = 3(Z'Lf — Z'hf) ( 5 ) 

Where Z'LF and Z'HF correspond to the low and high-frequency intercepts at the real part of the 

impedance, respectively. These measurements were averaged over 3 repetitions. 

For these measurements, we used the same system described in the polarization curves section. 

After acquiring the polarization curves, the cell was changed to the Ha/NitrogenfNa) system and 

was held at OCV and 60% RH for a 1 -2 h period, to eliminate O2 gas from the pipelines and 

cathode compartment. EIS measurements were then perfonned at the same RH range used for 

polarization experiments. The frequency ranged from 0.5 Hz to 20 kHz with a 0.03V 

perturbation. H2 and N2 gases were both fed at 100 mL-min-1, and the cell was held at BOX and 

0.2V. After each RH shift, the cell rested for 45 min at OCV to reach equilibrium before data 

acquisition. 



Figure 37. TEM images of 50:50 Pt:C catalyst powder (A), and the scraped 
30:70(8), 50:50(0) and 70:30(0) Pt:C machine-prepared free-standing 
electrodes showing Pt particle accumulation around the graphitic planes of 
the carbon support. 

To probe their structure and function, the CL samples of varying composition were 

characterized using the physical and electrochemical methods described. 

Physicochemical Characterization 

Microscopy Characterization. TEM images are shown in Figure 37 for the 50:50 Pt:C ratio 

catalyst powder (Figure 37a) and the set of CLs with 30:70 (Figure 37b), 50:50 (Figure 37c) and 

70:30 (Figure 37d) Pt:C ratio prepared through the scraping technique. The characteristic planes 

and facets of the graphitic carbon support can be observed in all cases (green arrows in Figure 

37). Preferential Pt deposition in the carbon structure defects (orange arrows in Figure 37) lead to 

a heterogeneous Pt particle distribution throughout the carbon structure and to larger Pt particle 

agglomeration (blue arrows in Figure 37), The agglomeration effect becomes more significant as 

the Pt:C ratio increases. 

To obtain CL cross-sectional specimens, the “full-embedding” ultramicrotomy technique was 

employed for both “fresh” and post-operation samples.41,42 To obtain the “fresh” samples, small 



sections of the freestanding electrodes were hot pressed to a Nafion 212 membrane section to 

guarantee similar conditions to that of the post-operation cathode. These sections were embedded 

in an epoxy resin and then sectioned with a diamond knife on an ultramicrotome, as described 

previously. 

Figure 38 shows representative TEM images of the 30:70, 50:50 and 70:30 Pt:C fresh electrode 

samples. It is useful to keep in mind what is not detectable in these images. The carbon structure 

is not as defined in these images as it was in F Figure 37 given the epoxy coverage throughout 

the sample. The presence of the epoxy also prevents the identification of the ionomer phase in 

these samples. Thus, several key aspects of the puzzle that is the CL, such as the internal 

structure of the carbon particles and the disposition of ionomer, are not readily visible. The 70:30 

Pt:C sample has larger Pt particle sizes and a larger proportion of uncovered carbon areas, as 

observed in Figure 38C and F, in comparison to the samples with lower Pt:C ratio. Significant Pt 

particle agglomeration is observed with both the higher Pt:C ratio (50:50 and 70:30 Pt:C) 

samples. 



Pt Size Distributions. Histograms of particles sizes from samples with different Pt:C ratios are 

shown in Figure 39. None of the fresh sample observations can be identified as normal 

distributions of particle size. Therefore, a robust statistical method is necessary to enable 

comparison of these samples. In this case, the Kruskal-Wallis (K.W) test was found to be 

suitable, given the non-normality of the data and the existence of outliers in all samples. [48] 

Through this analysis, we concluded that there is a statistically significant difference amongst the 

medians of the fresh 30:70, 50:50 and 70:30 Pt:C ratio sample at the 95% confidence level. 

The calculated average Pt particle sizes are 3.5, 3.2 and 5.2 nm for the 30:70, 50:50 and 70:30 

Pt:C fresh samples, respectively. The average Pt particle size is significantly higher for the 

highest Pt:C ratio (70:30), which is consistent with the larger agglomeration that is qualitatively 

observed in the THM images in Figures 37 and 38. The 50:50 Pt:C ratio exhibited the lowest 

average Pt particle size. This trend was also confirmed through XRD. Particle diameters 

calculated from the Pt (111) peak exhibited the same trend observed from the TEM 

Figure 38. TEM images of epoxy-embedded fresh 30:70 (A, D), 50:50 (B, E) 
and 70:30 (C, F) Pt:C electrodes. The latter exhibits a higher proportion of Pt 
uncovered carbon area as a result of a higher degree of Pt particle 
agglomeration. 



measurements (d70:30Pt:c:10.9 nm>d30:70Pt:c:5.8 nm>dso:50Pt:c:4.9 nm). Such a difference in 

average Pt particle size represents a 40% loss of surface/volume ratio when comparing the 70:30 

to the 50:50 Pt:C ratio samples. The Scherrer equation, however, provides a volume-weighted 

average size, while the TEM analysis performed provides an arithmetic mean size, which 

explains the higher values obtained through the former. 

Several TEM images of the samples subjected to fuel cell standard operation conditions were 

used to characterize the changes in the Pt size distributions. Figure 40 shows representative TEM 

images of the 50:50 Pt:C sample before Figure 40 left) and after (Figure 40 right) FC operation. 

An evident increase of Pt size during FC operation can be observed in these images. Pt size 

distributions before (blue) and after (orange) FC operation for 30:70 Figure 37 A), 50:50 (Figure 

37 B) and 70:30 (Figure 37 C) Pt:C cathodes are also shown, exhibiting a significant widening 

and a tendency towards higher Pt particle sizes. This behavior has been associated with the 

combination of two processes during FC operation: crystallite migration and coalescence, and 

Ostwald ripening.[41, 49] The former process promotes total surface energy minimization 

without involving particle dissolution, and is characterized by a Pt size distribution with peaks at 

small sizes, tailing toward larger sizes. The electrochemical Ostwald ripening effect involves the 

dissolution of smaller particles and its further redeposition on the larger particles surface, and it 

features an asymmetric particle size distribution with a tail toward a small particle end due to the 

smaller particles dissolution.[49] 

Among all the samples, only the post-operation 50:50 Pt:C ratio sample produced skewness and 

kurtosis parameters within the range expected for a normal distribution. Given the non-normal 

distributions of the other samples, the KW test was also employed to compare the post-operation 

samples. A statistically significant difference was also established in this case at a 95% 

confidence level, and a similar trend to the one observed with the fresh samples was maintained. 

Pore Size Distributions. The N2 adsorption/desorption isotherms for the catalyst powder and the 

set of CLs are shown in Figure A, In general, all samples exhibit a similar hysteresis behavior. 

Flysteresis has been associated with the cavitation mechanism of condensed nitrogen in the 



Figure 39. Pt particle size histograms for 30:70, 50:50 and 70:30 Pt:C 
ratio CLs before (blue) and after (orange) FC testing calcidated from 
TEM micrograph processing. 

pores, which shifts the desorption plot to lower relative pressures.[50] This suggests the presence 

of a porous structure on the carbon support that is maintained in the CL despite ionomer 

presence. 

The pore size distributions shown in Figure 40B were calculated from the N2 

adsorption/desorption measurements using the BJH method.[51] The pore structure shows 

qualitatively similar features in all cases, exhibiting two characteristic peaks: wide in the 



secondary pore region and sharp in the primary pore region. An evident pore volume decrease 

occurs for all CL samples when compared to the catalyst powder because of the ionomer 
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Figure 40. BET Isotherms (A), PSD (B) and cumulative pore volume (C) for 
the 50:50 catalyst powder, and the 30:70, 50:50 and 70:30 Pt:C ratio CLs 
showing a bimodal pore size distribution in all cases. 



penetration into the pores, which has been assumed to occur mainly in the surface of carbon 

agglomerates (>20 nm diameter mesopores). [21, 34, 35] 

Among the CL samples, the 70:30 Pt:C ratio presents a slightly higher primary pore {small 

pores) volume, and the 30:70 Pt:C ratio sample exhibits the highest secondary pore (large pores) 

volume as can be observed in Figure 40C, where the cumulative pore volume over the 3-20 nm 

and 20-220 nm ranges are presented for both the 50:50 Pt:C powder and the CL samples. Given 

that both the carbon support and the I:C ratio are fixed for the CL samples in this study, we can 

affirm that the Pt:C ratio has a significant influence on the ionomer distribution throughout the 

CL and, therefore, on the resultant CL pore network structure. A theoretical model developed by 

Ishikawa et al. showed that ionomer coverage on Pt surface decreases with an increase in the 

Pt:C ratio. [52] This behavior can be potentially caused by a higher affinity of the ionomer 

towards the carbon surface, which has been suggested by previous PFSA ionomer adsorption 

studies carried. [53, 54] This effect, along with the significant Pt particle agglomeration observed 

in the 70:30 Pt:C CL sample through TEM characterization (Figure 38) can lead to higher 

ionomer agglomeration on the >20 nm mesopores, thus reducing the available pore volume in 

this size range. 

In Figure 41, schematics of the Pt:C ratio effect on the Pt and ionomer distributions on a 

graphitic carbon support are shown summarizing the information obtained from the TEM and 

BET studies. On this type of carbon, Pt particles typically exhibit a tendency to accumulate in the 

structure defects and edges, and the degree of particle agglomeration and sizes varies with the 

Pt:C ratio. 



Several studies have shown that the ionomer distribution throughout the CL strongly depends on 

the overall ionomer content. [8,10, 35] Pt:C ratio also plays a significant role in defining the 

ionomer distribution. As illustrated in Figure 41 the results suggest that a lower Pt:C ratio 

promotes a more uniform distribution of the ionomer throughout the CL structure, providing a 

higher coverage and enabling the exposure of a higher inter-agglomerate pore volume (Figure 

40C). Higher Pt:C ratio, on the other hand, can promote ionomer accumulation on the the >20 

nm mesopores as suggested by BET results. 

Water Uptake 

The water sorption isotherms obtained with the CL samples, along with previous results for 3M 

825 EW membrane, are shown in Figure 42A [55] The CL water uptake isotherms are similar in 

shape to that corresponding to the 3M bulk membrane and previous results from Nafion reports. 

[56, 57] The 3M bulk membrane exhibits higher uptake over the entire water vapor activity 

range, when compared to the 30:70 and 50:50 Pt:C CL samples; these results are in agreement 

with previously reported data on CL water uptake.25-57 Swelling (□=6) behavior is only observed 

in the CLs at high RH (>0.95), and this swelling attenuation in the CL samples agrees with 

previous observations in recast ionomer films. [15, 35, 58, 59] A decrease in water uptake in 

these thin ionomer films has been associated with an increase in the Young’s modulus caused by 

polymer confinement or, as also likely, the effect of interaction of the ionomer with the 

support. [60] 

Low Pt:C ratio High Pt:C ratio 

Figure 41. Schematic illustrating Pt and ionomer distribution as a function 
of Pt:C ratio at a fixed I:C ratio illustrating Pt particle (red), carbon 
agglomerates (black) and ionomer (blue) distribution. 



On the other hand, the 70:30 Pt:C ratio sample exhibits higher water uptake values than the 

30:70 and 50:50 Pt:C ratio CL materials over the entire water vapor activity range, and it also 

exhibits larger swelling at a lower RH. Previous studies have shown a strong influence of the 

presence of Pt on the water uptake by the CL. [57. 61] A higher Pt:C ratio involves the presence 

of larger Pt particle sizes and degree of agglomeration Figure 38 which can accentuate this 

effect. The higher uptake observed in the highest Pt:C ratio can be explained by two factors: (i) a 

higher primary pore (2-20 nm) volume (Figure 4 IB), where capillary condensation of water can 

take place, [34, 35, 62] and (ii) larger ionomer agglomeration suggested by the BET 

characterization Figure 41 which can enable more bulk-like ionomer behavior. Overall, we note 

that the water uptake data suggest that higher Pt loading is associated with weaker interactions, 

leading to a suggestion that the ionomer-carbon interaction is a significant factor. 

Catalyst Layer Proton Conductivity 

The aCLH+ measurements are shown in Figure 42B, along with the bulk 825EW 3M ionomer 

results calculated elsewhere. [56] The CL samples and the bulk membrane exhibit a similar trend 

with RH: the proton conductivity increases with hydration, as reported in the literature for 

Nafion membranes. [63] Overall, this reflects, with increasing hydration, the gradual loosening 

of the proton interaction with sulfonate groups in which the environment of the proton hydrate 

‘complex’ evolves from contact ion pairs to solvent-separated ion pairs and then to fully 

dissociated protons moving in a water-like medium. This has long been analyzed in studies of 

membranes. The change in average environment in the ionomer is associated with a variation in 

the proton transport mechanisms with the humidity level. In membranes equilibrated at lower 

RH, in the absence of a fully developed hydrogen-bond network in a ‘watery’ environment, the 

vehicular mechanism prevails. [64-66] When the RH increases, bulk water phase formation 

throughout the ionomer promotes proton transport through structural diffusion (Grotthuss 

hopping). In contrast to the vehicular mechanism, structural diffusion is not limited by the 

translational movement, which results in faster proton conduction. [15, 16, 67] As always for 

macroscopic measurements, all environments and mechanisms may be locally present and it is 

the difference in contribution of a given aspect to a population-weighted average that is actually 

observed. 

However, the ionomer in the CL might be expected to be of a different character. Sun and 

Zawodzinski, in a study of water diffusion within a CL as a function of RH/water content, 
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Figure 42. Water uptake isotherms (A) aud proton conductivities 
measurements (B) for the set of CLs (30:70,50:50 and 70:30 Pt:C ratios). The 
behavior for bulk 825 EW 3M ionomer obtained in previous studies have 
been included for comparison purposes. 55 

showed that local measures of mobility (NMR relaxation times) are similar to those in the bulk 

membrane for similar (low) X values. (For low X values we can safely assume that the water 

interacts with the sulfonic acid sites and does not condense in pores.) However, longer-range 
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mobility (as reflected in PGSE diffusion coefficients) differed dramatically. The continuity of the 

film, required for mass transport in the low X regime, was suggested to be incomplete under such 

conditions. Similar effects would influence the proton conductivity of the CL. 

Indeed, the CL samples exhibit a lower proton conductivity when compared to the bulk 3M 

membrane.[16, 63, 68, 69] This trend is ascribed to confinement and substrate interaction effects. 

[70] In the CL ionomer, the nature of the ionomer-Pt and ionomer-carbon interactions determine 

the resultant ionomer nanostructure (i.e. ordering, thickness etc.), affecting the water content and 

thereby transport properties of ions and water within it. 

Among the CL samples, the lowest Pt:C (30:70) ratio exhibits higher oCLH+ values Figure...B). 

This result is consistent with the physicochemical characterization result: the higher secondary 

pore volume obtained with the 30:70 Pt:C ratio sample suggests lower ionomer accumulation in 

the pores and a more homogeneous ionomer distribution throughout the CL. This result contrasts 

with the water uptake measurements, which showed an inverse trend with the Pt:C ratio. This 

result emphasizes the importance of the ionomer network connectivity throughout the CL to 

increase the ionic conductivity. 

Thus, the increased ionic conductivity observed in CL samples with low Pt:C ratios can be 

related to the more continuous ionomer network that also promotes the structural diffusion 

mechanism. This is consistent with previous findings of Sun and Zawodzinski. [30] 

To summarize this discussion, a significant influence of Pt particles and their size on the CL 

structure and properties was observed. In general, all CLs showed a significant deviation from 

the bulk-like ionomer behavior. Lower Pt content resulted in a lower Pt particle size, higher 

inter-particle distance, and a larger secondary pore (>20 nm) volume. The later has been 

associated with a more homogeneous ionomer distribution, given that the I:C ratio was fixed for 

all CLs in this study. The lowest Pt:C ratio, consequently, provided higher proton conductivity. 

Higher Pt content, on the other hand, presented a significantly higher Pt particle size and degree 

of agglomeration. In terms of pore networks, the 70:30 Pt;C ratio CL displayed a reduction in the 

secondary pore volume, but a slightly higher primary pore volume. These observations indicate a 

direct relationship between the Pt:C ratio, and the distribution of the individual components in 

the CL. This combination of data highlights the importance of microstructure on transport in the 

fuel cell CL. 
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II. 4 Multiscale Modeling of Catalyst Layers-Method Development 

A one dimensional macrohomogeneous model of a Solid Acid Fuel Cell (SAFC) was 

developed to identify the dominant parameters affecting cell performance. The model parameters 

were estimated through a computational sensitivity analysis in which one model parameter was 

varied to assess the range of values of that parameter yielding convergence and qualitatively 

reasonable fits. Using this analysis to provide initial values, the model was used to simultaneous 

fit a set of polarization curves with physical input data (derived from measurements) and model 

parameters. The Tafel slopes obtained in the model agree with those calculated assuming a 

single-electron transfer rate-limiting step and a transfer coefficient of 0.5 at 250°C. The Open 

Circuit Voltage (OCV) drop agrees closely with the theoretical value at 250oC. Based on the 

sensitivity analysis, permeability and roughness factor are key parameters for higher 

performance. Calculated current density distribution and a breakdown of contributing 

overpotentials are calculated using the model parameters and presented. The results show the 

importance of limitations in available surface area and mass transport to the catalytic surface as 

the limiting processes in SAFC performance. This points to decreasing catalyst layer thickness 

and improved microstructural configuration as targets for SAFC performance improvement. 

More generally, this work showed a modeling approach for obtaining clear and statistically 

defensible parameter estimation using simple physics and a rigorous routine that demands 

upfront sensitivity analysis of parameter effects to minimize the ultimate number of modeling 

parameters. Simultaneous fits to multiple data sets obtained by varying a single experimental 

control parameter are then carried out using the minimal set of variable parameters. 

Solid Acid Fuel Cells (SAFCs) employ proton conductors that become highly conductive 

above a certain temperature, referred to as the ‘superprotonic’ transition[l]. The most practical and 

developed of these is the CsFUFCki (CDP) electrolyte, which undergoes this transition at 228°C. 

CDP-based SAFCs typically operate at 250°C. Operation at this temperature imparts tolerance to 

fuel stream impurities such as CO[2-4], which could enable SAFC systems to operate on minimally 

processed fuels such as natural gas or methanol. The solid nature of the electrolyte additionally 

renders the membrane particularly resistant to reactant crossover. 

The unique characteristics of the CDP electrolyte pose several challenges to SAFC 

optimization, particularly in the area of cathode microstructure. The lack of oxygen solubility in 

CDP demands that an active site be located at the intersection of the electrolyte, catalyst, and pore. 



To address this requirement, an approach in which electrolyte particles are coated evenly in 

catalyst material to maximize available electrochemical surface area was developed. In this 

catalyst layer construct, high Pt loading in needed since the Pt catalyst also acts as the electronic 

conductor and thus must form a contiguous path throughout the electrode. Though this 

configuration is an improvement over earlier approaches, the mass-normalized activity of Pt in 

SAFC cathodes remains unsatisfactory and high Pt loadings are needed. 

In this contribution, we describe a model of the performance of an SAFC cathode. In SAFCs, 

several features of the electrode lend themselves to relatively simple modeling approaches. Most 

important among the simplifying features is the absence of liquid water, which significantly 

complicates the modeling of PEM fuel cells. A successful model must take into account the 

thermodynamics and kinetics of the electrode reactions, ohmic losses related to the resistance of 

the electronic and ionic species traveling through the catalyst layer and mass transfer limitations 

directly related to the reactants access to the electrocatalytic site [5-7J. Many modeling approaches 

are possible but given its relative simplicity and direct connection to physically meaningful 

parameters, that of Springer et al. [8] is used here as a framework. That model is isothermal and 

considers polarization and electrode effects only through a simple 0-D polarization equation in a 

1-D model. Within the cathode, they examined utilization of the catalyst and the effects of 

performance on various parameters such as the diffusion-medium porosity and the inlet-gas 

composition. The cathode is treated as a uniformly distributed layer, and the model does not treat 

flooding [5, 8, 9]. These features are adequate representations of the SAFC case, in which liquid 

water is absent. 

One feature of our study that is infrequently found in the modeling body of work is its close 

coupling to physical parameters, especially derived from measurements, available as input. Also, 

our emphasis is on the simultaneous description of multiple data sets tailored to provide maximum 

information. If we are to use models as a path to understanding, it is important to minimize the 

number of variables used in fitting and to use data sets that are sufficiently detailed to allow 

meaningful probes of the fit. An example of this is our treatment of the ‘kinetic’ region of the 

polarization curves. Typical polarization curves collect data points with spacing of ~20 to 50 mV. 

This provides only a few points in the kinetic region with the result that this aspect is rarely fit 

satisfactorily. Here we intentionally create data sets with many more points taken in that region, 

putting more emphasis on achieving a fit to the observed kinetics and thereby giving a higher level 



of confidence in the result. 

Our goal in modeling SAFC catalyst layers is to identify the main macroscopic parameters that 

affect the performance. By implementing extensive sensitivity tests of model parameters and 

selecting appropriate experimental data sets, a macroscopic modeling study can serve to reveal the 

physical basis of the important performance differences resulting from the use of given catalyst 

layer structures, on one hand, and different kinetics on the other. 

Finally, we provide a few comments on the expectations regarding physical properties of the 

catalyst layer that shape our analysis and that are rather different from those encountered in 

analogous PEM fuel cells. First, the cell operates at high temperature, suggesting differences in 

kinetic and thermodynamic parameters but also in mass transport parameters. However, the 

catalyst layers used are quite thick. The CDP electrolyte is essentially impermeable to gases. 

Based on the latter two features, offset by higher intrinsic mass transport rates in the gas phase 

from the higher temperature, we are uncertain of the overall resulting effective transport rates but 

can reasonably expect them to be somewhat slow. 

Model description 

As noted above, we chose to represent the SAFC cathode with l-D model that treats the fuel 

cell in varying degrees of complexity; modeling the different components of the fuel cell going 

from simple equations to complex expressions derived from physical models. 

Springer-type model 

The model is a 1D macrohomogeneous model operating at steady state. Any effects of the 

internal generation of liquid water, ionic conductivity variations within the catalyst layer, or local 

variations of the rate of the interfacial ORR process are not considered. In addition, the gas mixture 

was considered to be ideal, and delivered via single-phase flow with steady state and isothermal 

operation at T=523K. As noted above, it is a very good assumption to neglect liquid water and the 

lack of spatial variation of properties is implied in the term macrohomogeneous. 

Model Equations 

The cathode catalyst layer model highlights the effects of limited fluxes of oxygen in this 

layer coupled to the electrochemical reaction. Equations 1 through 4 are the basic equations given 

by Springer et al, which take into account variations of parameters along the x coordinate of the 



catalyst layer, the direction normal to the planes of the flow channel and membrane. In the x- 

coordinate where x = xi specifies the catalyst layer/flow channel interface, and x = xscl specifies 

the catalyst layer/membrane interface. 
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Boundary conditions: 
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CL 

Equation 6 

Equation 7 

Equation 8 

Equation 9 

Equation 10 

Equation 11 

In these equations, Rcl represents the resistance through the cross-sectional area of the catalyst 

layer; Id is a characteristic limiting diffusion current density. The experimentally controlled 

variables considered are the overpotential (q), the current density (I) and the oxygen partial 

pressure (poj). Equation 1 is an ohmic relationship between local current density and the local 

variation of q, determined by the protonic resistivity of the catalyst layer. Equation 2 describes the 

local rate of current generation within the catalyst layer in terms of the oxygen partial pressure at 

the catalyst layer/flow channel interface, the local concentration of oxygen relative to its 

concentration at the catalyst layer/gas interface, and the local overpotential. In this equation b 

represents the Tafel slope. Equation 3 describes the gradual transformation of the oxygen flux to 

a protonic current along x, such that the sum of the two fluxes is kept constant and equal to the 

oxygen flux at the catalyst layer/flow channel interface. 

The remaining parameters, which define the behavior of the cell for each set of operating 

conditions, include the cathode inlet gas stream composition, flow rate, catalyst layer thickness 



and back pressure on the cell. 

Key model parameters 

The model considers losses caused by the rate of the oxygen reduction reaction (ORJR.) process 

at the catalyst/proton-conductor interface, limited oxygen permeability and limited ionic 

conductivity within the catalyst layer. By using an extensive set of experimental data obtained for 

several values of oxygen partial pressure and different catalyst layer thicknesses, we were able to 

reduce the degrees of freedom for our fittings. The key model parameters that describe the losses 

in the PEMFC are as follow: 

• i0: exchange current density. In the original paper, this parameter was the current density 

calculated at 0.9V. For our approach, we decided to use the exchange current density, 

calculated from the Tafel plot, log i vs p as follows: 

Tafel equation: 

i = i = iQe~afri Equation 12 

From here: 

2.3R7' , . 2.3RT , . ^ ^, 
r] = —^logi0-—logi Equation 13 

Where the Tafel slope is defined as: 

b = 
2.3RT 

aF 
Equation 14 

• Ar, the ratio of actual catalyst surface area per unit geometric surface area, essentially a 

‘roughness factor.’ (We note that these first two terms are not introduced as separated 

parameters in the fits to follow.) 

• DC*, the product of the effective diffusion coefficient of oxygen (cm2/s) treated as the 

permeability of oxygen within the catalyst layer. To calculate the effective diffusion 

coefficient we used the equation for gas phase system in porous media as an Arrhenius type 

formula (well-known and widely used in literature)[10]: 

Di = D0* exp {—E/RT} Equation 15 



As these values are not tabulated for CDP, our approach is to find the initial value for O2, 

and air, then use the Bruggeman relation to calculate the effective diffusion coefficient[l 1]: 

Deff = £i.5£). Equation 16 

• C*, O2 concentration C (0) at catalyst layer inlet per atm. 

• Ario: Roughness-corrected current density (RCCD) 

Model validation 

For each set of experimental and fitted data, we performed two nonparametric statistical tests: 

Mann-Whitney U[12] and Kolmogorov-Smimov[13]. For Mann-Whitney U test the null 

hypothesis is that two populations are the same for all data points. For a Two-sample Kolmogorov- 

Smirnov test the null hypothesis that the one-dimensional probability distributions of the data 

points do not differ one from the other. In both cases, the observations must be independent and 

the data nominal or ordinal. The null hypothesis is rejected if the p-value is smaller than the 

significance (See appendix - Statistical tests). Table 1 condenses the statistical test results for both 

fuel cell models showing that the modeled data represents the experimental with a 97% of 

confidence. 

% 02 

02 7mg 

Air_7mg 

02_3.5mg 

Air_3.5mg 

Table I. Statistical goodness of fit tests for SAFC system 

Test p-value Statistic Decision 

Mann-Whitney 0.957 -0.054 Retain Ho 

KS 1.000 0.031 Retain Ho 

Mann-Whitney 1.000 0.000 Retain f/n 

KS 1.000 0.032 Retain Ho 

Mann-Whitney 0.999 -0.001 Retain/f# 

KS 1.000 0.062 Retain i/d 

Mann-Whitney 1.000 0.000 Retain//s 

KS 1.000 0.032 Retain//o 

02_l,75mg Mann-Whitney 1.000 0.000 Retain Ho 



KS 1.000 0.064 Retain Ho 

Air_1.75mg 
Mann-Whitney 1.000 0.000 Retain Ho 

KS 1.000 0.031 Retain Ho 

Experimental 

Cell Fabrication 

Solid acid fuel cells were fabricated using an anode-supported configuration similar to 

those described previously [3]. Using a bilayer sintered stainless steel (grade 304) mesh disc 

(2.85 cm2) as an anode current collector and structural support, anode, membrane, and cathode 

layers were sequentially formed by uniaxal compression of powdered composites in a stainless 

steel die. 

Anodes were formed at 90 MPa from a mechanical mixture of CDP, 60wt%Pt supported 

on carbon black (Vulcan XC-72R, Cabot Corp.) and naphthalene (a fugitive binder) in a 3:1:1 

ratio, respectively, by weight. The CDP membrane was applied to the anode at 125 MPa and 

was approximately 50 pm in thickness. 

Cathode electrocatalyst powders were synthesized via a method described previously in 

the literature[ 14, 15], CDP particles with a specific surface area of approximately 2 m2/g were 

mechanically combined in a glass vial with an appropriate quantity of Pt(lI)pentanedionate 

(Acros Organics). The coarse mixture was heat-treated at 210 C in a deoxygenated N2-water 

vapor atmosphere, resulting in the vapor deposition of a conformal layer of Pt nanoparticles 

decorating all exposed surfaces of the CDP particles. The Pt precursor content was adjusted 

to arrive at 20wt% Pt° on CDP, which was validated gravimetrically. 

From this common feedstock of cathode electrocatalyst powder, SAFCs of various cathode 

thickness (and thus Pt loading) were fabricated by laminating the powders to directly to the 

CDP membrane via uniaxial compression at 23 MPa. SAFCs were formed using 25 mg, 50 

mg, and 100 mg of the 20wt% Pt@CDP catalyst powder, respectively yielding cathode Pt 

loadings of 1.75 mgpt/cm2, 3.5 mgpt/cm2, and 7.0 mgpt/cm2. Cathode current collectors were 

comprised of a coarse single-layer stainless steel (grade 316) mesh and a carbon paper 

interlayer (SGL 34AA). 

Microstructural A n alysis 



Freestanding SAFC cathodes were fabricated in a manner similar to the route detailed above, 

but densification of the dry cathode powders proceeded between two Kapton discs rather than atop 

the CDP membrane. The cathodes were easily separated from the Kapton for SEM and FIB-SEM 

analysis. The freestanding cathode samples were embedded in epoxy for FIB-SEM analysis in a 

Zeiss Auriga Dual Beam FIB/SEM. Image stacks were segmented using the Trainable Weka 

Segmentation plugin for Fiji/lmageJ and further analyzed using Fiji to derive electrode physical 

parameters. The full details of this work are the subject of a future contribution. Figure 43 shows 

the SEM images used to calculate the cathode thicknesses. 

Figure 43 SEM images of the SAFC showing the cathode thickness, a) 1.75 mg/cm2 b) 3.5 

mg/cm2 c) 7 mg/cm2 

Electrochemical Testing 

Fuel cell testing was conducted using stainless steel test rigs at a temperature of 250 °C with 

gases hydrated to a dew point of 75 °C (approximately 0.36 bar water partial pressure). Anodes 

were supplied ultrahigh-purity Fb and cathodes were supplied either compressed air from a 

centralized compressor, or ultrahigh-purity O2. Polarization curves were recorded with a Bio-Logic 

VSP potentiostat by scanning the working electrode potential at 10 mV s-1 from the open circuit 

potential to a cell potential of 0 V. Before and after the recording of the polarization curves, 

potentiostatic electrochemical impedance spectroscopy (E1S) was performed in a frequency range 

from 200 kHz to 200 mHz at 0.8 V cell voltage with a single sine perturbation amplitude of 10 

mV. The high-frequency intercept of the EIS spectrum was used to eliminate the ohmic resistance 

of the cell from the polarization curves, yielding what we refer to as iR-free polarization curves. 

This protocol was repeated cyclically on an hourly basis, during which the cell was held at 0.6 V. 

Each cell was operated in an air atmosphere for several hours, and subsequently held at 0.6 V while 



100% 02 was introduced to the cathode. The cyclic protocol was resumed after the current density 

in the new cathode atmosphere reached steady state. 

After completion of testing, the cells were sectioned via fracture and samples were mounted 

for cross-sectional examination in a Hitachi TM-3000 SEM operating at 15 kV for determination 

of electrode thickness. 



Results and Discussion 

The experimental data to be fit consists of several polarization curves obtained for SAFCs. 

When compared to typical PEM cells modeled by Springer, the catalyst loading is quite high and 

catalyst layers are relatively thick. 

The model requires multiple inputs. Table II presents the physical property values for the 

different MEAs and tests along with some determined in independent experiments. The mean 

porosity was determined to be 50% by analysis of F1B-SEM slices of a representative cathode 

sample. As expected, catalyst layer thickness (determined by SEM) increases roughly 

proportionally with Pt loading. The deviation from linearity may be attributed to the catalyst 

distribution on the carbon support along with slight differences in compression from the pressure 

applied during the electrode assembly. The Tafel slopes shown in table II are those derived from 

a fit of the Tafel equation to the polarization data for each case of air or oxygen at the various 

loadings. 

Experimental Values 

Temperature of 

operation [°C] 

Dew Point [°C] 

Mean porosity 

Catalyst layer 

thickness |pm] 

Table II. Experimental values 

SI S2 

250 

75 

50% 

44+Z-9 

250 

75 

50% 

84+7-5 

S3 

250 

75 

50% 

148+7-4 

Metal loading 1*/:) ' 

[mg/cm2| Air 02 Air 02 Air Q2 

Catalyst Laver 
0.232 0.231 0.225 0.227 0.200 0.199 

Resistance [£2cm2[ 

OCV 0.980 1.011 0.988 1.015 0.990 1.021 

Limiting current 
1.19 1.62 1.36 1,92 1.41 2.15 

[A/cm2j 

Tafel Slope [mV/decj 209.5 206.5 211.7 203.3 200.5 221 



The OCV is a function of the temperature and pressure variation. For our system at 250°C the 

OCV is equal to 1.12V which is equivalent to the reversible potential for the oxygen reduction 

reaction calculated as: 

Erev(T, P) = E0(T) +~ln (^P) + ~ ln(p)g) 

S|V|(g"(-Afftn-TAS{Tj)( 

£0cr) = 

EoCO = 

Acu(r) 
nF 

AG°(T) _ 

nF 

-21793468 

2x96485 

nF 

1.13V 

[12] 

[13] 

[14] 

Where Eo represents the standard voltage for oxygen. g0f i, is the Gibbs formation energy of 

the i compound, v; the stoichiometry coefficients, a, P, A. represent the molar fraction of hydrogen, 

oxygen and water respectively. The molar fraction of the reactants is close to one, based on the 

high stoichiometry imposed by the fixed reactant flow rates of 40 seem and 75 seem for hydrogen 

and air/oxygen, respectively. The second term in equation 12 vanishes so we find the OCV from 

equation 12[16]: 

OCV02 = E0(T) + ^ln(^p\ = 1.12V [15] 

To calculate the expected variation in OCV when we switch from oxygen to air, for the same 

hydrogen and relative humidity, equation 13 is reorganized to express the OCV as: 

AOCV ^ 0.018V [16] 
\P02.aJ J 

0CVAir = 0CVO2-A0CV = l.llV [17] 

The observed OCV values obtained for air are within approximately 1% of those calculated. We 

also note that the water production relative to that carried into the cell in the gas stream is always 

smaller. 

SAFC polarization curves do not exhibit a sharp limiting current, indicating that the slow mass 

transport in this system does not lead to reactant ‘starvation’ under the test conditions. The 

observed maximum current values decrease as a combination of oxygen concentration depletion 

and catalyst thickness increase. 

Sensitivity analysis 



Understanding the parameter sensitivity of our model is a key step in developing a base case 

for fitting to our experimental data. First, we calculated and selected the experimental Tafel slopes 

from log 1 vs. potential plot (table II). Then, using this value, we modified one parameter at a time 

per simulation to find the base case values as table III summarizes. Finally, the effects of varying 

each parameter individually are illustrated in [figures 44-46. In this preliminary step, we are 

seeking to define a range of each parameter value in which the model will converge and yield 

qualitatively reasonable behavior. 

Figure 44 illustrates the sensitivity to the permeability parameter (DC) in air for each loading. 

The values yield satisfactory results over a specific range. For small values of DC, the simulations 

do not converge or the maximum current obtained is unrealistic. Permeability values (DC) 

modified the diffusion current obtained as equation 4 states. If the diffusion current is small (red 

lines in Figure 46), equation 3 is multiplied by a high order of magnitude constant, causing 

convergence under unrealistic conditions. When the diffusion current is higher than the maximum 

current, the calculation does not converge due to negative concentration values when equation 3 

is solved. In summary of this effect, the permeability values modify the diffusion current behavior, 

making the model convergence sensitive to the selection of this parameter. 

Figure 44 Active area sensitivity in air. Loading: 3.5 mg/cm2 Pt. Tafel slope: 207 mv/dec. 



Parameter 02 

Table III. Base case parameters 

Air 

Roughness modified current 

density - Ario 

(A/cm2) 

Permeability - DC* 

(mol/cm-s-atm) 

Tafel slope 

(mv/dec) 

Limiting Current 

(mv/dec) 

25mg: 0.42*Id'4 

50mg: 0.42*10‘4 

lOOmg: 0.42*104 

25mg: 2.9*10'6 

50mg: 2.9* 10'6 

lOOmg: 2.9*10~6 

25mg: 209.5 

50mg: 211.7 

lOOmg: 200.5 

25mg: 1.2 

50mg: 1.2 

lOOmg: 1.2 

25mg: 0.42*10-4 

50mg: 0A2*10'a 

lOOmg: 0.42*10 4 

25mg: 2.9*106 

50mg: 2.9* 10'6 

lOOmg: 2.9*106 

25mg: 206.5 

50mg: 202.6 

lOOmg: 220.1 

25mg: 1.2 

50mg: 1.2 

lOOmg: 1.2 

Figure 45 represents the model sensitivity to the RCCD term, Ario, for each loading. The model 

will converge for any value of Ario lower than 1. This parameter is represented in equation 2 as the 

prefactor of the exponential kinetic behavior. It does not affect convergence unless the value 

reaches a point where the boundary conditions, equations 5 and 6, are not satisfied. In this case, 

the end of the dashed lane in Figure 45 represents the boundary condition satisfaction. The active 

area is not a sensitive parameter for model convergence but is critical to understanding the catalyst 

utilization within the layer and therefore it must be chosen within a rational range. 



Figure 45 Permeability sensitivity values DC* = 1*10'", 9*1(P7, 2*10“6 - 7*10'6 fmol/cm-s- 

atm] Loading: 3.5 mg/cm2 Pt. Tafel slope: 207 mv/dec. 

Figure 46 shows the effect of varying limiting current (him). As discussed above, SAFCs do 

not show the sharp decay typically found in mass transport limited systems. In our case, limiting 

current values are used to calculated the diffusion current and thus influence the concentration 

distribution within the catalyst layer. To obtain convergence, the value must be close to the 

maximum current. Otherwise the calculation does not converge. This parameter is remarkably 

sensitive because the range of variation has to be less than 2% to be within the convergence range. 

However, this is not a fitting parameter but rather provides a method to estimate the limiting 

current, which cannot be directly extracted from the polarization curve. Once the value is set, no 

further optimization is required. 

Figure 16 Limiting current sensitivity in airLoading: 3.5 mg/cm2 Pt. Tafel slope: 207 mv/dec. 



Modeling analysis 

The sensitivity analysis provides a set of base case parameters to initialize the simulation, as 

shown in table III. We then performed a fit of the polarization curves by using finite differences 

and optimization tools within Matlab. Figure 47 illustrates the polarization curves fitting for the 

different loadings with a 97% of confidence for all of them. Table IV summarizes the main fitted 

and optimized parameters obtained from different configurations operating on air and oxygen. 

Once the values are defined, the model determines the RMS fit to calculate Tafel slopes, cathodic 

overpotential and polarization curve values. 

Table IV. Optimized parameters 

Parameter Air 02 

Roughness modified current 

density - Ari0 

(A/cm2) 

Permeability - DC* 

(mol/cm-s-atm) 

Tafel slope 

(mv/dec) 

25mg: 7.2*10-6 

50mg: 7.4* 10'6 

lOOmg: 7.5*10-® 

25mg: 5.53*107" 

50mg: 3.01*10'7 

lOOmg: 7.58*10'7 

25mg: 200.5 

50mg: 207 

lOOmg: 212 

25mg: 1.60*10-® 

50mg: 1.79* 10'6 

lOOmg: 2.18*10 ® 

25mg: 2.1*10-® 

50mg: 1.97*10-® 

lOOmg: 2.36*10-® 

25mg: 201.0 

50mg: 202.6 

lOOmg: 210.9 

Figure 47 shows the fitted polarization curves. In general, the fits are excellent. Comparing 

air vs. oxygen curves, the performance decreases around 30% with oxygen dilution. The OCV is 

higher with pure oxygen as a result of the OCV dependence on oxygen partial pressure and it is 

also higher with higher loading. Moreover, the current decrease between air and oxygen is more 

severe at higher loadings. These phenomena are consequences of the significant additional mass 

transport limitations in the air case, especially through a thick catalyst layer with modest porosity. 



Figure 47 Polarization curves fitting for air and oxygen at different loadings, a) 1.75 

mg/cm2 b) 3.5 mg/cm2 c) 7mg/cm2 

The Tafel slopes obtained are summarized in Table iV. In both cases, the standard deviation is 

lower than 3mv/dec, so we can conclude that the kinetic parameters can be considered constant. 

These Tafel results are in agreement with those calculated at this temperature assuming a rate- 

limiting step with 1 e- and a of 0.5. The limited variation of the Tafel slope values from the base 

parameters suggests that the Tafel slope values determined initially would suffice to capture the 

catalysis behavior. 

Figure 48 illustrates the RCCD behavior compared to that calculated by Springer et. al for Pt 

at 80°C. The RCCD factor is the product of a term that corrects the geometric area to yield the real 

active area (Ar) and a current density term. RCCD plays the role of the i0 in a Butler-Volmer 

analysis. As has been discussed, the determination of a true value of i0 for the ORR is difficult 

because the state fo the Pt surface changes (between a bare and oxidized surface) as one 

extrapolates toward zero overpotential, the conventional way to determine i0. Gottesfeld and 

Springer have suggested using io.gv as a proxy for i0. In our case, much less can be inferred 

regarding the ORR nor can we truly estimate the true surface area (e.g. from a hydrogen adsorption 

peak) and thus we do not try to separate these parameters. For each condition (O2 vs, air) the 

values are approximately constant, and the ratio of the values obtained from the fits of curves from 

cells operating on air and oxygen differs by a factor of roughly 2.5. This term is in essence a 

reflection of the kinetics of the ORR. Inspection of the sensitivity analysis for this parameter 

(Figure 44) shows that the RCCD term has a strong influence. The fits shown are quite sensitive 

to the parameter, with implications throughout the curve. From this we conclude that this is a 

critical parameter for cell operation. Also, we should note that the observed parameters are 



substantially lower in value than the corresponding term in the Springer model, which was based 

on data acquired at 80°C. (See below for a discussion of this point.) 

i 

Figure 48. Calculated RCCD for different loadings 

Table IV shows the permeability (DC) values, which are fairly similar for a given gas. The 

difference in values between air and oxygen for the SAFC fits is roughly a factor of 4 on average 

and is therefore likely to be a direct consequence of the difference in concentration of the gas being 

transported (O2 vs air) across the catalyst layer. Note that the difference is slightly less than the 

theoretical factor of 5, perhaps reflecting effects of porosity on mass transport. Compared with 

PEM Fuel Cells, the permeability values are significantly higher due to the high diffusion rates at 

high temperature. 

Figure 49 shows the calculated distribution of local current density across the catalyst layer 

at different voltages (0.6V, 07V, 0.8V) for oxygen and air. The behavior presented for the oxygen 

case (Figure 49a, 49c and 49e) and the air case (Figure 49b, 49d and 49f), The reaction rates for 

oxygen are roughly two times higher than those for air at every potential due to higher reactant 

concentration. Moreover, the air case shows a limiting situation with respect to gas transport, 

indicated by the inflections in the curves, as the local current density drops close to the 

CL/membrane interface (x=l). The modeling results show decay in current density near this 



boundary as consequence of the interplay between charge and reactant transport through the 

catalyst layer. The non-uniformity of the current density profile throughout the catalyst layer 

suggests that the transport is an important factor at all voltages probed. This is even the case for 

oxygen-fed cathodes. As we increase the loadings, the conversion at higher overpotential seems 

to become less homogenous across the layer. This is consistent with strong mass transport control, 

increasing with thicker layers. 

Figure 49. Normalized oxygen current distribution at different potential values V=0.8, 0.7 

and 0.6V a) 1.75 mg/cm2 O2 b) 1.75 mg/cm2 Air c) 3.5 mg/cm2 O2 d) 3.5 mg/cm2 Air e) 7 

mg/cm2 O21) 7 mg/cm2 Air. 

Overpotential analysis. Based on the fitted parameters and the current distribution we 

calculated the losses to verify the validity of our arguments in terms of transport and charge transfer 

within the catalyst layer as well as kinetic behavior. The cell potential is calculated as[16]: 

^cell = ^b'evCPf/^POz,-^) — Pact — Vohm ~ Peon [1^] 

Where Erev(pti2p02j), represents the reversible electrode potential at the temperature 

and operation pressure and is calculated with equation 12. rpet, represents the activation 



overpotential and can be calculated with equation 8 for ORR due to its sluggish kinetics compare 

with hydrogen. i]0hm, is the ohmic overpotential associated with the catalyst layer resistance and 

can be calculated as: 

Vohtn.i ~~ tRj [19] 

Ri, represents the MEA resistance obtained from the in-situ measurements. These values are 

tabulated in table II. i-|con represents the mass transfer overpotential, which can be calculated from 

equation 18. 

Figure 50 graphically shows the contribution of the various overpotential loss terms to the 

polarization curves. Blue, green and grey areas represent the concentration, ohmic and activation 

polarization respectively. For convenience, we also extract values of the overpotentials at several 

current density values for the various cases, tabulated in table V. 

Table V. Activation, Ohmic and Concentration overpotentials at i=0.2 A/cm2 

Loading Thickness i]act [mV] n0hm [mV] iimt [mV] 

| mg/cm2] [pm] Air 02 Air 02 Air 02 

205.15 235.87 60.31 59.99 250.94 158.85 
1.75 44 

39.7% 51.9% 11.7% 13.2% 48.6% 34.9% 

211.33 235.80 56.06 56.19 203.18 114.11 
3.5 84 

44.9% 58.1% 11.9% 13.8% 43.2% 28.1% 

216.02 240.90 49.51 49.53 184.31 87.37 
7 148 

48.0% 63.8% 11.0% 13.1% 41.0% 23.1% 

Based on Figure 8 and table V, we can draw a few basic conclusions. For all cases, there 

is substantial mass transfer loss even at modest current density. Remarkably, even at 200 

mA/cm2, mass transport losses are the major polarization source for air systems with values 

higher than 40% as table V illustrates. For oxygen systems, the main source is the activation 

losses with values higher than 50% and the mass transport losses represent the second larger 

losses with a contribution higher than 23%. 



Figure 50: 8 Polarization curves with activation and ohmic overpotentials calculation from 

optimized Tafel parameters a) 1.75 mg/cm2 Oi b) 1.75 mg/cm2 Air c) 3.5 mg/cm2 O2 d) 3.5 

mg/cm2 Air e) 7 mg/cm2 O2 f) 7 mg/cm2 Air g) Activation, Ohmic and Concentration 

Overpotentials at i=0.2 (PEMFC values from Arisetty et. A1 |17]) 

The large contribution from mass transport losses is somewhat expected due to the large 

catalyst layer thickness relative to its low temperature counterparts. Moreover, it is higher as a 

proportion of limiting current for air as a consequence of the mass transport effects discussed 

above. The catalyst layer thickness and limited accessible area negates the benefits of larger 

diffusion coefficients at higher temperatures. Ohmic losses and activation are bigger in the oxygen 

case as a consequence of the higher current densities obtained in comparison with the air systems. 

SAFC activation losses decrease with higher temperatures, in contrast with the PEM 

counterparts based on the work from Arisetty and collaborators [17], For our system, the activation 

overpotential is reduced 35% as a direct consequence of faster kinetics enhanced with temperature. 

Ohmic losses are six times and mass transfer losses are two hundred times bigger than for PEM in 

air at 80°C. Therefore, the presence of large ohmic and mass transfer losses at lower current 

densities points toward, decreasing catalyst layer thickness and improved microstructural 

configuration as targets for SAFCs performance improvement. 



It is instructive to compare the physical parameters emerging from the model of the SAFC 

system to corresponding results in PEMFC systems. The difference in Tafel slope values, as noted 

above, reflects the temperature change between the two technologies. One striking difference is 

the much lower value of the Ario in the SAFC relative to that calculated by Springer et al. In our 

judgment, both area and current density terms contribute to this difference. In an SAFC, the 

available active catalyst surface is the perimeter circumscribed by the Ft contact at an air-CDP 

interface. This is a key limitation of the catalyst layer design used in this work. It is reasonable 

to assume that the available surface area is a small fraction of that expected based on fully divided 

nanoparticles of Pt. In spite of the high loading of Pt, the occlusion of the surface by CDP leads 

to much lower effective surface area contributing to the ‘roughness’ term, i.e. the ratio of real to 

geometric area. It is perhaps surprising to think that io, the exchange current density ‘proxy,’ could 

be lower at the substantially higher temperature. However, it should be kept in mind that the rate- 

limiting step for the ORR likely includes the initial chemisorption of oxygen. This is a rather weak 

process and is therefore significantly less favorable at the elevated temperature of the SAFC. 

Indeed, even hydrogen chemisorption can be difficult to observe under SAFC conditions. 

In this study we developed and evaluated a macrohomogeneous model of SAFCs, Through several 

steps, we obtained excellent tits with errors less than 3%. This demonstrates that our methodology 

of linking quality experimental data and simultaneous fitting can lead to useful information about 

the physical parameters of the system and allow us to use model predictions to better understand 

polarization phenomena. We calculated the polarization phenomena in solid acid fuel cells in 

successive steps. This modeling study provides us with a basis for considering cells employing Pt 

coated CDP particles in the catalyst layers. Sensitivity Analysis provided us with a suitable set of 

initial parameters to enhance agreement between experimental and modeled data. Moreover, it 

shows us that permeability and limiting current selection are crucial to describe our system. Active 

area is not as sensitive, but its values must be selected properly to be able to describe the 

phenomena inside the cathode. OCV and Tafel results are in agreement with the theoretical values, 

which validates our kinetics argument to describe the model and the necessity of robust 

experimental design to feed the model. The limiting processes in SAFC performance arise from 

limitations in available surface area and the difficulty of mass transport to this surface. 

Permeability values shown here are higher than for a low temperature counterpart as a 



result of higher diffusion coefficients as a consequence of temperature increased. The difference 

between air and oxygen is directly related to the concentration depletion and mass transport effects. 

We introduced the RCCD factor as a key operation parameter that corrects the geometric area to 

yield the real active area (Ar) and with a current density term. We did not attempt to separate Ari* 

mainly because of the unknown Pt surface structural changes (between a bare and oxidized surface) 

when extrapolating Tafel plots toward zero overpotential. Low values of this parameter reflect a 

decrease in the accessible electrochemically active area most likely due to the constraints of the 

SAFC electrode architecture employed, in which the impermeable CDP coats much of the catalyst. 

Concentration polarization losses in SAFCs represent the major polarization source when 

operating on air across the entire current density range. Activation losses represent a major source 

of loss in oxygen, but mass transfer is also important. Thus, we conclude that in order to improve 

performance and be competitive against its low temperature counterparts, we need to decrease the 

thickness and improve the microstructural configuration of the catalyst layer. 
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