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Several porous electrode materials have been studied for the redox couple Cr3+/Cr z+. The electrochemi- 
cally active surface area, the hydrogen evolution overpotential and the limiting current of the chromium 
redox reactions were measured. Useful kinetic parameters can be deduced although their accuracies are 
limited due to the porous nature of the materials studied. The results presented will primarily be for 
one kind of graphite material and for ZrC. The performance of the ZrC electrode is promising and 
exhibits a significant improvement over carbon electrodes~ The effects of lead chloride as a catalytic 
additive to the solution have been studied. Finally, the correlation between electrode performance and 
chromium complex formation will be discussed since the bridging mechanism is important in the 
Cr3§ 2+ redox reaction. 

1. Introduction 

The Redox Flow Cell is an electrochemical device 
for bulk energy storage, such as power station load 
levelling. It was first developed by Thaller [1] and 
others at the NASA Lewis Research Center. Two 
redox couples, such as Fe3§ 2+ and Cra+/Cr 2§ 
are separated by an ion-selective membrane in the 
cell. External energy can be stored by electro- 
chemically oxidizing one redox couple (e.g. 
Fe3§ 2+) and reducing the other (e.g. Cr3+/Cr2+). 
Stored energy can then be released upon demand 
by reversing the redox operation. 

A Redox Flow Cell based on the two redox 
couples Fea+/Fe 2§ and Cr3§ 2+ has a reasonably 
high open circuit potential (theoretical value 

1.1 V). However, the chromium half-cell redox 
reaction rate at an ordinary electrode such as car- 
bon is several orders of magnitude slower than the 
iron half-cell redox reaction on an electrode of the 
same material. Furthermore, hydrogen evolution is 
a competing reaction at the chromium electrode 
since the standard potential of Cra+/Cr 2+ is-- 0.41 V 
(RHE). Therefore, electrodes with selective activity, 
namely, high hydrogen overpotential and reversib!e 
chromium redox reaction, are needed. 

This study deals primarily with electrode 
improvements for the Cr3+/Cr 2§ redox couple. The 
results presented here include the evaluation pro- 
cedures of different electrode materials, the effects 
of catalytic additives to the electrolyte and any 
possible ion complex formation. 

2. Experimental procedures 

The ZrC samples examined in this report were 
obtained from Los Atamos Scientific Laboratory. 
Their electrical conductivity is fairly high and 
comparable to that of graphite. Carbon fibre tubes 
were used as starting materials and the production 
procedures involved: (a) chemical vapour depo- 
sition, (b) densification, (c) heat treatment [2]. 
The stoichiometry and density of the products can 
be conveniently controlled. The samples used in 
this study were approximately 1 : 1 Zr : C with a 
low density (70% porosity). Three kinds of porous 
graphite electrodes have been studied. According 
to their forms and manufacturers, they were: 
(a) Union Carbide WCA cloth, (b) Union Carbide 
felt, and (c) Hitco G 2252 cloth. Basically, they all 
exhibited similar characteristics except for specific 
gurface areas. (The surface area measurements will 
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be discussed below.) However, the hydrogen evo- 
lution overpotential of the felt is about 100-200 
mV anodic to that of  the cloths. In the following 
only the results of the Hitco cloth will be dis- 
cussed and it is taken as a reference for comparison 
with other electrode materials. 

Electrochemical measurements were made with 
a Wenking 70 TSI potentiostat. This unit was pro- 
grammed with either a Wenking SMP72 or Inter- 
state F74 function generator. An Esterline Angus 
530 X - Y  recorder and a Nicolet Explorer II digital 
storage oscilloscope were used as recording devices. 
The X-ray photoemission spectra (XPS) were 
obtained with a DuPont 650 B electron spectro- 
meter. 

3. Results and discussion 

3.1. Carbon electrodes and zirconium carbide 
electrodes 

Figure 1 shows typical cyclic voltammograms of a 
Hitco cloth. As can be seen in Fig. 1 a, significant 
hydrogen evolution starts at about -- 0.7 V (SCE). 
In Fig. 1 b, the increased cathodic current indicates 
a contribution from the reduction of Cr 3+ t o  Cr 2+, 
and the anodic peak at 0.05 V (SCE) corresponds 
to the oxidation of Cr 2§ to Cr 3+. Decreasing the 
sweep rate shifts the anodic peak position in the 

negative direction (the standard potention of 
Cr 3+ + e ~ Cr 2§ is about -- 0.65 V vs SCE). How- 
ever, the Cr 3+ reduction peak was still buried 
under the H2 evolution current and these two 
cathodic contributions could not be resolved. 

The ZrC samples in the state they were received 
from the manufacturer were no better than the 
graphite cloth as electrodes for Cr 3§ reduction. 
It was found that samples soaked in 1 tool din-3 
HC1 and held at a cathodic potential between 
-- 0.6 and -- 0.8 V (SCE) for an extended period 
of time (several hours) became more active. The 
discussion of the activation of ZrC will be pre- 
sented later. Qualitatively, the cyclic voltammetric 
behaviour of  an activated ZrC sample is very simi- 
lar to that of  the carbon electrode shown in Fig. 1. 
However, quantitatively the activated ZrC sample 
showed a much greater current density (three- 
fold), higher hydrogen evolution overpotential 
(by 50 mV)and lower Cr 3§ reduction overpotential 
(by 80 mV)at  the same sweep rate of 280 mV s -1 . 
This can be considered as evidence that the acti- 
vated ZrC electrode has a better activity and the 
desired selectivity for the Cr3§ 2§ redox reaction. 

3.2. Electrochemically active surface area 

Because of the porous nature of the materials 
studied here, the observed difference in activity 
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Fig. 1. Cyclic vol tammograms of  a graphite 
cloth electrode with a sweep rate o f  280 mV 
s-1 .  Sample area 2 cm • 2 cm; (a) 1 mol  d m  -3 
HC1; (b) 1 mol  dm-3  HC1 + 0.005 tool din-3 
Cr 3+. 
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may be due to the difference in their electrochemi- 
cally active surface areas. In order to distinguish 
kinetic effects from surface area effects two 
methods were used to estimate the electrochemic- 
ally active surface area; these involved measuring 
the double-layer capacitance in the supporting 
electrolyte. 

The first method is to use cyclic voltammetry 
in the non-Faradaic region [3],  i.e. the region 
where no electrochemical reactions are taking place 
(e.g. --  0.5 to 0.1 V vs SCE). It was estimated that 
the capacitance is 1.1 x 103 ttF cm -2 for the car- 
bon cloth and 6.3 x 103/iF cm -2 for the ZrC 
electrode. 

Another method is to apply an incremental 
potential step to the electrode in the non-Faradiac 
region [4]. The measured values are 0.7 x 103~F 
cm -2 for the carbon cloth and 4.7 x 103 gF  cm -2 
for the ZrC electrode, respectively. The difference 
between the two methods is less than 30% and 
both methods showed that the double-layer cap- 
acitance of  ZrC is about six times that of  Hitco 
cloth. 

The measured double-layer capacitances for a 
smooth graphite electrode [5, 6] are 3 ~F cm -2 
for a basal plane and 60/IF cm -2 for an edge plane. 
Since the exposed faces of  the graphite cloth in 
this study were mainly edge planes (determined 
by the manufacturers), one can estimate the elec- 

trochemically active surface area of  Hitco cloth 
to be around 15 times its apparent geometric area. 
No capacitance data on non-porous ZrC is avail- 
able for comparison. 

3.3. Reversibility o f  ZrC electrodes 

Figure 2 shows linear sweep voltammograms of  
activated ZrC (Fig. 2a) and Hitco cloth (Fig. 2b) 
in solutions of  different Cr 3§ concentrations. The 
sweep rate was 0.5 mV s-1, and the solution was 
stirred slowly with a magnetic bar at a rotation 
rate of  60 rpm to provide some mass transport. As 
can be seen, the reduction of  Cr 3§ on ZrC not only 
starts at a more positive value than on graphite 
cloth, but it also reaches a limiting current region 
without significant H2 evolution. Similar measure- 
ments for more concentrated solutions have been 
performed, and the limiting current (at a fixed 
stirring rate) increased in proportion to the Cr 3§ 
concentration up to 0.5 mol dm-3.  

Figure 3 is a series o f  cyclic voltammograms of  
an activated ZrC electrode with different sweep 
rates. It can be seen that the cathodic current con- 
tributions from H2 evolution and Cr 3§ reduction 
are resolved with decreasing sweep rates. No simi- 
lar behaviour was observed for carbon cloth elec- 
trodes. This provides further evidence that the 
Cr3+/Cr 2§ reduction is relatively more reversible 
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Fig. 2. Linear sweep voltammograms of (a) an 
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Fig. 3. A series of cyclic voltam- 
mograms of an activated ZrC 
electrode with different sweep 
rates. Electrolyte, 1 mol dm-3 
HC1 + 0.005 tool din-3 Cr3+. 

on ZrC than carbon. For an electrode process 
involving a single electron transfer step, the peak 
current of  voltammetric sweep is [7, 8] 

ip = 3.01 x 10 s //3/2 o~1/2 D1/: C O S1/2fA (1) 

where n is the number of  electrons transferred, 
a is the transfer coefficient, D is the diffusivity, 
C O is the bulk concentration, S is the sweep rate, 
A is the geometric electrode area a n d f i s  the sur- 
face area factor. A plot of  the cathodic ip versus 
$1/2 is shown in Fig. 4 and is a straight line. 

The corresponding peak potential is given by 
[7, 81 

Ep = E,/2 --  b [0.52 -- 1/2 log (b/D) -- log k s 

+ 1/2 log S] (2) 

where Ea/2 is the polarographic half-wave potential, 
k s is the standard rate constant and b is the Tafel 
slope. A plot of  log S versus Ep of  the cathodic 
branch is shown in Fig. 5. The linearity is obeyed 
up to a sweep rate of  8 mV s -~ . At very slow 
sweep rates, the electrode reactions exhibit revers- 
ible behaviour, i.e. Ep is independent of  sweep 
rate [7, 8] .  

R T  
Ep = El~ 2 -- 1.1 n--ft" (3) 
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(Fig. 3) versus square root of the sweep 
rate. 



CATALYTIC ELECTRODES FOR THE REDOX FLOW CELL ENERGY STORAGE DEVICE 429 

I O O  - -  

/ 
x 

/ 
/ 

/ 
/ 

c c  

w 

i 

, •  
, 

r 
i 

, : , i i , 
IOi  6 --0, 7 - -0,8 --0,9 --I 0 - I , I  

PEAK POTENTIAL, volt (SCE) 
Fig. 5. Plot of the logarithmic sweep rate versus the cath- 
odic peak potential (Fig. 3). The dotted line is extrapo- 
lated for slow sweep rates. 

From the slope o f  the irreversible region (Equa- 
tion 2), one can obtain the Tafel slope b. Also, 
from the critical sweep rate, Se (where the solid 
line and dotted line intersect in Fig. 5), one can 
deduce the standard rate constant ks by equating 
Equations 2 and 3, provided that D is known. 

For the cathodic branch, one obtains b = 175 
mV/decade (from Fig. 5) and a = 0.35 (a = 2.3 
RT/bnF). AssumingDc?* ~ 6 x 10  -6 cm 2 s-* 
[9] together with Sc measured from Fig. 5, one 
obtains ks "~ 4.6 x 10 -4 cm s -1 . Substituting a, 
D and C O into Equation 1, one can deduce the 
surface area factor f--~ 12 which is very close to 
that of  Hitco graphite cloth derived by double- 
layer capacitance measurements. It suggests that 
the surface roughness effect is rather similar be- 
tween graphite cloth and ZrC, and the difference 
in electrochemical behaviour is catalytic in nature. 
Similar estimates can be made for the anodic 
branch. However, the initial bulk solution con- 
tained predominantly Cr 3+ and, therefore, C O for 
Cr 2+ can only be approximated when the different 
equations are applied. 

3.4. Activation o f ZrC 

It was mentioned previously that the ZrC samples 

were electrochemically reduced before they 
became active for Cr 3+ reduction. Preliminary 
studies indicate that an oxide layer exists on the 
non-active samples. Therefore, one can activate 
ZrC by properly reducing the oxide layer. 

Auger and XPS spectra were obtained for ZrC 
in order to determine the surface composition and 
valence states of  the surface elements. The Auger 
spectra showed that non-active ZrC has a signific- 
antly stronger oxygen signal than active ZrC. This 
suggests that certain forms of  oxide exist on the 
surface and it impedes the Cr 3+ reduction. 

Figure 6 shows XPS spectra of  the Zr 3d elec- 
trons of non-active (Fig. 6a) and activated (Fig. 
6b) ZrC. It is obvious that the valence state of  
zirconium is quite different in the two cases. There 
are four peaks for activated ZrC and three peaks 
for the non-active sample indicating that zircon- 
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Fig. 6. XPS data of the Zr 3d electrons; (a) non-active 
ZrC electrode; (b) activated ZrC electrode. The arrows 
indicate the peak position of metallic zirconium. 
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ium is a more complicated, possibly multivalent, 
state in the former. The Zr 3d binding energies 
are, in general, smaller for the activated ZrC 
sample. This suggests a more reduced state for 
zirconium in the activated ZrC. 

It was found also that the double-layer capaci- 
tance of ZrC increased after it was activated. 
Furthermore, one noticed a greater deviation from 
the ideal double4ayer voltammetry behaviour for 
the non-active ZrC. Ideal double4ayer behaviour 
should have an abrupt vertical current change 
when the potential sweep reverses direction in 
the non-Faradaic region. One can attribute devia- 
tion from this ideal behaviour to a resistive com- 
ponent in parallel with the double4ayer capacitor. 
This is consistent with the suggestion that an oxide 
layer existed on the non-active ZrC surface, since 
oxide films are, in general, poor conductors. 
Further studies are needed in order to determine 
the structure and stoichiometry of the oxide. It is 
likely that this surface oxide will be different f rom 
Zr02, since the chemical bonding of zirconium in 
this material also involves carbon atoms. 

3.5. Catalytic additives 

Different additives to the solution have been 
tested for the Cr 3+ reduction reaction by Giner 
and Cahill [10]. It has been found that adding 
PbC12 to the solution has desirable effects on the 
electrode, namely, high hydrogen overpotential 

and fast Cr 3+ reduction. Further studies on the 
lead additive are reported below. 

A small amout of PbC12 is soluble in acidic 
solution and dissociates into Pb 2+ and C1-. During 
the reduction of Cr 3+, lead ions are also reduced 
and form layers of  metallic lead on the electrode. 
The lead surface is responsible for the high hydro- 
gen overpotential and fast Cr 3§ reduction. How- 
ever, during the oxidation of Cr 2§ lead dissolves 
back into the solution and the electrode activity 
is basically the same as the original substrate 
material. 

Cyclic voltammetry studies of the effects of 
lead additives on a Hitco graphite cloth electrode 
are shown in Fig. 7. The dotted curve of Fig. 7a, 
which is similar to Fig. 1 b, represents the voltam- 
mogram before the addition of PbC12. With the 
lead additives (solid curve in Fig. 7a), one notices 
that the cathodic peak is larger and has a potential 
closer to the standard potential of Cr3+/Cr 2§ 

The lead deposition current is buried in the 
reduction peak. However, the dissolution of lead is 
evidenced by the new anodic peak around -- 0.5 
V (SCE). The Cr 2§ oxidation peak is bigger than 
before and the peak potential is further away from 
the Cr3§ 2§ standard potential. This is because in 
the cathodic cycle, a greater amount of Cr 2§ ions 
have been produced near the surface due to the 
catalytic activity of lead. By decreasing the sweep 
rate (Fig. 7b), one is able to separate the two 
cathodic contributions due to Cr 3§ reduction and 
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the lead additive on the Cr2+/ 
Cr 3+ redox reaction on a graph- 
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are: (1) 0.0 mol dm-3 ; (2) 
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10-s tool din-3 (4) 4.8 • 10-s 
tool dm -~ ; (5) 6 X 10-5 mol 
dm -3 ; (6) 7.2 X 10-5 moldm -3. 

H2 evolution. The lead deposition and dissolution 
peaks in this s tudy are roughly symmetric about  

- -  0.6 V (SCE). This should be compared with 
- -  0.375 V (SCE) for the standard potent ial  of  the 
redox couple Pb2+/Pb. Monolayer underpotent ial  

deposit ion of  lead on the basal planes of  stress- 
annealed pyrolyt ic  graphite has been reported 

[11 ] .  However, i t  N generally recognized that 
metal  deposit ion from aqueous solution on to 
graphite is accompanied by  a significant nuclea- 

t ion overpotential  [ 12].  
In order to determine the effect of  lead concen- 

trat ion,  a series of  linear sweep voltammograms 
with increasing Pb 2+ concentration were recorded 
as shown in Fig. 8. It shows that  the limiting 
current of  Cr a+ reduction increases with an increase 
in Pb z+ concentrat ion and reaches a saturation 
point  at about  6 x 10-Smoldm-3Pb2+. The 

volume o f  the solution was 250 cm 3 and the elec- 
trochemically active surface area was about 150 
cm 2 (10 cm 2 the geometric area, with a porous 
factor of  15). Assuming that  all the lead ions in 
the solution are deposited onto the electrode sur- 
face and that  the C-C interatomic distance is 
1.5 A, one obtains an est imated surface lead con- 
centrat ion of  10 monolayers.  This may suggest 
that  lead deposit ion forms islands on the electrode 
surface and that  it  takes about 10 monolayers of  
lead to fully cover the electrode. 

3.6. Electrochemically produced ehromous ions 

In the studies reported above, the electrolyte 
solutions were started primarily with chromic ions. 

Chromous ions are unstable and can be readily 
oxidized to chromic ions by  exposure to air [13].  
In order to s tudy electrode activities with respect 
to the Cr 2+ oxidat ion reaction, i t  is necessary to 

use solutions with a significant Cr 2+ concentration. 
Chemically produced Cr 2§ solutions have been 
reported by  dissolving metallic chromium in acid 

[14] or by  reducing C ?  § with zinc metal  [15].  
Electrochemically, Cr 2+ cannot be easily produced 
in an ordinary one-compartment  cell. This is 
because the Cr 2+ produced on the working elec- 
trode would migrate and be oxidized back to Cr 3+ 
on the counter-electrode. 

However, chromous-rich solution can be pro- 
duced electrochemically in a cell consisting of  two 
compartments  separated by an ion-selective 
(anion permeable,  e.g. Ionics CDIL) membrane.  
The starting solutions are similar to those in a 
Redox Flow Cell [ 1 ] with Cr 3+ in the working elec- 
t rode compartment  and Fe 2+ in the counter- 
electrode compartment .  A reversible redox couple 
such as Fe3+/Fe 2+ in the counter electrode compart-  
ment  is desirable since C12 is produced if  the 
supporting electrolyte (HC1) is the only consti tuent 
in this compartment .  The cross-mixing of  Fe z+ and 
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Fig. 9. Linear sweep voltammogram of a ZrC electrode in 
an electrolyte of 1 tool din-3 HC1 + 0.05 tool din-3 CrX+ 
+ 0.05 mol dm -3 Cr2§ 

Cr 3§ is minimal and it can be further eliminated by 
using two membranes and cycling the solution 
(only HC1) in the new compartment established 
between the two membranes. A chromous-rich sol- 
ution can thus be produced by maintaining the 
working electrode at --0.75 V (SCE). The concen- 
tration of Cr 2§ can be monitored easily by an 
ampere-hour meter. 

Figure 9 shows linear sweep voltammograms of 
an activated ZrC electrode in a solution of  approx- 
imately equal Cr 2§ and Cr 3§ concentration. Again 
the solution was gently stirred and the results 
showed limiting currents in both anodic and cath- 
odic directions. The limiting currents are rather 
symmetric (except beyond -- 0.8 V vs SCE when 
H2 evolution occurs) and they are at least one 
order of magnitude greater than those on a carbon 
electrode. 

3.7. Complex formation of  Cr3+ / Cr 2+ 

Chromic and chromous ions exist in aqueous solu- 
tions as Cr(HzO)~ § and Cr(H20)~ § respectively. 
Aqua complexed Cr 2§ is labile and can exchange 
water with various ions in its inner coordination 
sphere while aqua complexed Cr 3§ is not labile 
[9]. With negative ions (e.g. CI-, Br-) in the 
solution and adsorbed on the electrode surface, 
the following chemical reaction can occur prior to 
the charge transfer: 

Cr(H20)26 + + X~a ~- [Cr(H20)sX] § + H20. (4) 

Therefore, depending on whether Cr 2§ is inner- 
sphere coordinated or not, the following two 
charge transfer reactions can occur: 

Cr(H20)~+ + Xa a k, [Cr(H20)sX] z++ e + H 2 0  

(5) 
o r  

Cr(H20)~+ k2_~ Cr(H20)~+ + e. (6) 
<.... 

The rate constant kl may be greater than k2 if 
the negative ions in the inner coordination sphere 
facilitate the charge transfer process. Donovan and 
Yeager [9] studied the effects of  C1- on the 
Cr3+/Cr 2§ redox reaction on mercury. Some of 
their results are reproduced in Fig. 10 for com- 
parison. Curve A in Fig. 10a is the initial sweep of 
Cr(H20)63§ in NaC104 which is an inert supporting 
electrolyte and curve B is the initial sweep with a 
small amount of C1- in the solution. The cathodic 
peaks of these two curves are similar since the only 
reaction is the reduction of Cr(H20)~ § (reverse 
reaction of Equation 6). The anodic peak of curve 
A is simply the oxidation of Cr(H20)~ + (forward 
reaction of Equation 6). However, the anodic peak 
of curve B corresponds to the oxidation of both 
Cr(H20)~ + and [Cr(H20)sC1] § (forward reactions 
of Equations 6 and 5). This is because after the 
initial cathodic sweep, inner-sphere coordinated 
[Cr(H20)sC1] + ions become available for oxida- 
tion in a C1 - containing electrolyte. It was found 
that the double-layer corrected rate constant kl 
(Equation 5) is about two orders of magnitude 
greater than k 2 (Equation 6) [9]. Therefore, it is 
desirable to use electrodes which could accomo- 
date the substitution of one inner-sphere water 
molecule of Cr 2+ by a negative ion such as C1-. 
However, it should also be pointed out that the 
standard potential of  the redox couple 
[Cr(H20)6] Cl+/[Cr(H20)sC1] 2+ is at least 100 mV 
(also C1- concentration dependent, see Donovan 
and Yeager [9]) positive to that of the redox 
couple [Cr(H20)] ~+/[Cr(H20)6] 3+. This would 
reduce the open circuit potential by a similar 
amount in a Redox Flow Cell. 

Most cyclic voltammograms of similar sweep 
rate in this study (e.g. Figs. 1 and 3) seem to indi- 
cate that the only redox couple involved in the 
reaction was Cr(H20)~+/Cr(H20)~ + even ttiough 
there were plenty of  chloride ions in the electro- 
lyte. However, at times voltammograms such as 
shown in Fig. 10b were obtained. The dotted 
curve is the fifth sweep and the solid curve is a 
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tion on a hanging mercury electrode, sweep rate 110 mV s -~ ; curve A solution contains no C1-. Curve B contains 5 X 
10 -3 mol dm -3 C1- (from [6 ]). (b) Voltammograms of a carbon electrode in 1 mol dm -3 HCI + 0.005 m ol dm -3 Cr 3§ 
Sweep rate 140 mV s -a. Dotted curve, 5th cycle; solid curve, 50th cycle. 

scan after 50 cycles. This solid curve can be com- 
pared with Fig. 10a and suggests the existence of  
the redox reaction [Cr(H~O)s C1] z+/[Cr(H20)6] C1 +. 

The substitution of  one of  the inner-sphere 
water molecules of  Cr 2+ by a negative ion involves 
a precursor step of  anion specific adsorption on 
the electrode. Since specific adsorption is closely 
related to the potential of  zero charge (PZC) of  a 
particular electrode surface, one can speculate that 
the PZC of  graphite cloth is not  favourable for 
C1- adsorption under the general conditions of  
this study. The graphite surface is notorious for its 
electrochemical non-reproducibility [16],  and it is 
conceivable that under certain conditions (e.g. 
impure solution) the PZC will shift and favour 
significant C1- adsorption and the subsequent 
inner-sphere substitution. It is obvious that 
[Cr(Hz O)sC1] 2+/[Cr(H~O) 6] C1 + is a much more 
reversible redox couple than Cr(H20)~+/Cr(H20)~ +. 
Therefore, electrode materials with good C1- 
adsorption characteristics in the potential region 
down to --  0.85 V (SCE) is desirable for the 
development of  the Redox Flow Cell. 

4. Conclusions 

It has been shown that the simple evaluation pro- 
cedures adopted here can provide useful informa- 
tion about the characteristics of  porous electrodes 
for the Cr3+/Cr 2+ redox reaction. The favourable 
performance of  ZrC is encouraging and leads one 
to speculate on a whole class of  materials, namely, 
the transition metal carbides and nitrides. These 
materials are chemically stable and mechanically 

strong. Since one can conveniently control the 
composition ratio and impurity levels, one has the 
freedom to modify the electronic structure of  
these materials (e.g. adjust the Fermi level, vary 
the conductivity, etc.) and to facilitate electron 
transfer to and from chromium ions. 

Lead chloride has been proven to be a catalytic 
additive with good selectivity. The lead layers 
formed on the electrode surface not only increase 
the Cr 3+ reduction rate but also decrease the H2 
evolution reaction. Methods for improving the 
bonding and uniformity of  lead on the surface are 
currently being studied at the NASA Lewis 
Research Center [ 15]. 

Most systems studied in this report are not well- 
defined for rigorous kinetic analysis, i.e. porous 
electrodes with poorly controlled mass transport. 
Nevertheless, it is shown that simple voltammetric 
expressions can be applied to estimate certain 
kinetic parameters. In order to obtain definitive 
kinetic data for these electrode materials, one 
should apply rotating ring disc techniques to non- 
porous electrodes. Finally, further studies on the 
electronic structure of  these systems are needed. 
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