


Figure 7.1 Absorption isotherm curves of vanadium ions for Nafion®
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vanadium ions in the Nafion®. Thus, higher concentrations of vanadium would have less
of a maximum % exchange. This concentration effect (i.e., increases the exclusion of
electrolyte with an increase of external solution concentration) was not observed for VV**
as shown in Figure 7.3a. The Donnan potential effect on an ion is proportional to the
ionic charge number so that the higher valence cation (i.e., V°*) is more strongly repulsed
by the membrane. For example with alkali metals, the Ca®* isotherm curves for Nafion®
decreased as concentrations increased and this is in contrast to the Na* isotherm curves as
shown in Figure 7.3b [151]. Thus, higher concentrations of vanadium solution used in
this experiment (up to 3.6M shown in Appendix E) compared Na* solution (0.1M) in this
experiment may increase the Donnan potential between membrane and vanadium
solution. The Donnan potential effect on vanadium ions may also explain the order of
affinities of vanadium ions to Nafion®. Figure 2a shows that the affinity for N115 was
observed: V¥* (2M H,S0;) < V¥ (0.1M H,S0,) < V** (0.05M H,S0,) but this is not a
significant change. Also, the maximum % exchanges for V** at different concentration
were equal to about 0.3.

The lower % of exchange by vanadium may also be explained by a sieve or steric
effect. Thus, the size of the complex would affect the % exchange by vanadium. We
would expect a change in size since transition metals form covalent bonds with water in
aqueous solutions [152-153]. The lone electron pairs of water molecules are shared with
empty 3d, 4s, and 4p orbitals of the transition metal. The hydrolysis products of
vanadium ions in acid solution are listed in Table 7.2 which shows the aqueous vanadium
ions exist as hexagonal oriented in an octahedral shape in acid [153-154]. These ligands

must associate with hydrophilic ionic clusters (ca. 5nm dia.) water channels in a Nafion®
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Table 7.1 Vanadium ion form in acid solution (octahedral shape)

Vanadium Hydrolysis product Remark
v [V(H,0)e]** Black, inert, slow kinetics
V3 [V(H,0)e]** Black, blue aqua ion
2+ [VO(H20),]*", _
VO [VO(H,0)s]2* Blue aqua ion
VO, [VO,(H,0)4]" Pale yellow, colloidal materials

Table 7.2. Comparison of absorption isotherm curves of Nafion® with VO?* in different
concentration of H,SO, solutions

V¥ in H,S0,
0.05M H,SO, 0.1M H,SO, 2M H,S0O,
Xinsolution | XinN115 | Xinsolution | X in N115 | Xinsolution | Xin N115

0.00 0.00 0.00 0.00 0.00 0.00
0.09 0.08 0.09 0.07 0.08 0.02
0.15 0.12 0.30 0.17 0.15 0.06
0.30 0.17 0.50 0.23 0.30 0.12
0.50 0.22 0.75 0.28 0.60 0.23

0.90 0.29 0.75 0.28

X: The equivalent ionic fraction of vanadium (vanadium vs. proton)
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membrane which were reported to be 1nm as measured through small angle X-ray
spectrometer (SAXS) analysis [155]. Thus, the size exclusion or a sieve effect can occur
for the vanadium hydrolysis complex and these support the smaller % of absorption for

vanadium observed in Figure 7.1.

7.3.2 THE EX-SITU MEMBRANE CONDUCTIVITY MEASUREMENT

Figure 7.3 compare the conductivity for VO** and V** with Na* and Ca** absorbed
(or exchanged) in NRE 211. It is interesting that although the % absorbed for V** (i.e.,
21%) is less than that of Ca?" (i.e., 60%), the conductivities are approximately the one
order of magnitude for 40% < RH < 93%.

Similarity for the conductivity for Na* and VO," are the same order of magnitude
even though the Na* occupies many more sites than the VO?* (i.e., compare 100% and 12%
respectively). This high conductivity loss for less % exchanged is probably attributed to
the formation of vanadium-water complex ion. In addition, the large size of complex ions
may be accompanied by the water exclusion of Nafion® membrane. This has been shown
for alkali metal cations with the comparison of sodium (smaller radius, larger hydrated
radius) and potassium (larger radius, smaller hydrated radius) exchanged Nafion®
membranes also showed the size effect on conductivity loss. The greater conductivity
loss for potassium-exchange membrane was observed [153].

The ex-situ membrane data obtained here are for equilibrium between the
membrane and water vapor. Thus, the data for RH<95%, it may useful for gas phase

batteries or PEMFCs. Note that we extrapolated each conductivity data to RH=100%
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Table 3 Comparison of membrane conductivity of N115 with VO*, V" Na*, and Ca®*

Pristine Na* (99%) Ca”* (40%) V¥ (21%) VO (12%)

[Ro /:j|| [mS(ljcm] [Ro /g o [mS/cm] [RO/H o [mS/cm] [RO/H o [mS/cm] [RO/H o [mS/cm]
22 7.39 22 0.16 20 0.016 22 0.00302 22 0.0252
31 14.1 30 0.537 31 0.0244 30 0.0931
41 23.7 39 0.856 40 0.1 41 0.125 39 0.343
50 36 49 2.35 50 0.437 49 1.02
61 51.9 58 5 60 0.76 61 1.18 58 2.32
68 68.2 67 7.52 68 2.47 67 4.19
82 104 80 16 80 34 82 5.87 80 9.22
88 130 85 21.7 88 8.47 85 12.7
93 170 92 31.3 95 18 93 12.6 92 19.8
100 *242 100 *72 100 *26 100 *20 100 *30

* Extrapolation value from a linear relation between logo and RH (i.e., logo=aRH+b where a and b are constants
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from 93% and it is that conductivity which will be critical for a VRFB (liquid phase). For
this 100% RH extrapolated value, Table 3 shows that the 242 mS/cm membrane
conductivity for the pristine NRE211 decreased an order of magnitude (i.e., 30 and 20
mS/cm) with 12% of VO®* and 21% of V** exchanged NRE211s respectively.

Li et al., [141] reported that ex-situ membrane conductivity for Co** absorbed
NRE211 decreased from 272 to 32 mS/cm at RH=100% and T=80°C which is consistent
with Table 3. They assumed that NRE211 membrane was fully exchanged by Co®* but
they did not measure the % absorbed for Co*. Kelly et al. [138-139] also reported the
loss of membrane conductivity (N117) when fully exchange with Fe** to be from 77 to 2
mS/cm. In summary, it seems reasonable to conclude that the vanadium absorption into
Nafion® membranes leads to the significant loss of conductivity even though there is
lower absorption (or exchange). Note that Kelly et.al, [138] also reported less absorption
of Fe** into N117. Also, the conductivity loss is greater at same % of exchange compared

to the loss by the alkali metal absorption such as Na* and Ca**.

7.4 CONCLUSION

In this chapter, the ion-exchange/absorption behavior of vanadium in Nafion®
membranes and the corresponding conductivity loss were studied. The maximum loss of
IEC was measured to be less than 32% for all four oxidation states of vanadium. Also, the
affinity of vanadium ions to Nafion® showed highest affinity (32%) for lowest valence,
V2* and lowest affinity (3%) for highest valence, VO," (V**). The low % exchange and
the valence effect can be explained by either the Donnan potential or the steric (or sieve)

effect. The absorption isotherm did not change for different concentrations of V** (i.e.,
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similar to Na") and we do not expect concentration to significantly affect these. Finally,
ex-situ membrane conductivity for vanadium exchanged NE211s (i.e., 12% of VO?** and
21% of VV**) were 2-3X lower than Na* exchanged (i.c., >99%) membranes at RH=100%
but close to Ca?* exchanged membrane (i.e., 60%). Thus one should expect an order of

magnitude loss conductivity of the membrane in a VRFB compared to pristine Nafion®.
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APPENDIX A — ESTIMATION OF RH CHANGES IN THE CHANNEL AND SCALING
FACTOR

Water dilution
Table Al shows the initial (i.e., feed) and the change of total moles of species on
cathode. The maximum RHs of the inlet and outlet of channels are also listed in Table Al

at I=10A, P=150/150kPa, stoic=2.0/2.0. The calculation shows that the dilution effect on

Ny

contaminant by the water can be negligible (i.e., =0.1) and the water saturation at the

T0

interface of the membranes on cathode may start over RH=50% (inlet).

Table Al. Total moles change of species and the range of RHs

RH in[%] | ngo [mol/s] o428 Anr[mol/s] | RH oy [%]
25 2.68E-04 | -5.00E-02 | 2.07E-05 74.8
32 2.74E-04 4.24E-02 3.03E-05 77.7
45 2.87E-04 2.14E-01 4.81E-05 82.9
50 2.93E-04 2.80E-01 5.49E-05 84.9

The water vapor concentration and RH can define:

_n, P n, P
" ng RT n,+ng, +ng +n, RT

[A1]
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RH n, P

100 n, P

[A.2]

The molar flow rate for each species at inlet of channel can define as

| I 0.79 1
n, =s—,n, =s—,n, =S——— A.3
w0 e T e ™ g A

From the Eq. [36], the difference of water vapor concentrations between the interface and

*

the channel as A10% (i.e., CWC;CW x100) with selected o (shown in Table Al). In other

w
words, we can speculate that the 10% of RH difference exists between the interface
(electrode and membrane) and the channel. Thus, the water saturation may start at the
interface of membrane with RH=90% of the channel condition. Thus, we can assume that

the presented model can be applicable less than inlet 50% RHs at above conditions.

Scaling factor calculation

1/3
av Q
= — =0.087cm B.1
3 y[gDRj v, [B.1]

a=0.51

c=dimensionless concentration for boundary layer=1.3
v = kinematic viscosity of water at 20°C=1.004 [cm%/s]
Dk = diffusion coefficient of reactant [1x10™° cm?/s]

Q = angular velocity=2400 rpm=0.0636 [rad/s]

LPGX — CAOveX hex (: y)Aex CS,in (t = 0) —1
\Pin CAO,in hin Ain Cs,ex (t = 0)

[B.2]
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The scaling factor is obtained as 40 by the Eq. [B.2].
Ae=0.19cm” A;,=50cm”
Pt loading, ex-situ=0.02mg/cm?, in-situ=0.4mg/cm*

hex=0.087 cm, h;;=0.084 cm
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APPENDIX B — MATLAB CODE FOR THE PREDICTION

Adsorption/absorption mechanism

function File name
NV = 2; % number of dependent variables

NP = 101; % number of node points
NEQ = NV*NP - 1; % number of odes

.21e-3;
.74;
.363;
.18e-4;
.60;
1.0;

Wo = g
Il
| © 9O r

ull
L =1.0;

hh = L/ (NP-1);
tf = 41935;

NT = 8387;
xx = linspace(0,L,NP);
timearr = linspace(0,tf,NT);

y0 = zeros(NEQ,1);
MM eye (NEQ, NEQ) ;

opt = odeset('RelTol', 1.0e-6, 'AbsTol', 1.0e-6, 'Mass', MM);

[T,Y] = odel5s(Q@odefun, timearr,y0,opt,D,w,p,G,B,ul0,hh,NP,NEQ) ;

ul = Y(:,1:NP-1);
u2 = Y (:,NP:NEQ) ;

save ('T Pt 26DAT a t5.txt','T','-double','-ascii','-tabs'");
save ('Y Pt 26DAT a t5.txt','Y','-double','-ascii','-tabs'");
end

function dy = odefun(t,vy,D,p,w,B,G,ul0,hh,NP,NEQ)
dy = zeros(NEQ,1);

5 O——————-— o————-—-—-- o—————---— o—————---— o—————---— o——————-— o——————-— o————-
———-0-——---- o————-—-—-- o—————---— o

% ulo ul (1) ul (2) ul (3)

ul (NP-1)
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% u2(l) u2(2) u2 (3) u2 (4)
u2 (NP)

ul = y(1:NP-1);
u2 y (NP:NEQ) ;

dy (1) = -(ul(2)-ul0)/(2.0*hh) + w*D* (u2(2)-ul(l));
for i =2 : NP - 2
y(i) = —(ul(i+1)-ul(i-1))/(2.0*hh) + w*D* (u2 (i+1)-ul(i));

end
i =NP - 1;
dy (i) = -(3.0*ul(i)-4.0*ul(i-1)+ul(i-2))/(2.0*hh) + w*D* (u2 (i+1)-
ul (1))
i = l
v (NP-1+1) = -p*D*w* (u2(1i)-ul0)* (1+G*u2 (1)) * (1+G*u2(i))/ (B*G);
for i =2 NP
(NP l+1) = -p*D*w* (u2(i)-ul (i-
1)) * (1+G* 2(1))*(1+G*u2 (1)) / (B*G) ;
end

end

Ion-exchange mechanism

function file name

NV = 2; % number of dependent variables
NP = 101; % number of node points
NEQ = NV*NP - 1; % number of odes
D 4.0e-3;

p = 1l.1le-3;

w = 1.74;

G = 72;

ul0 = 1.0;

L =1.0;

hh = L/ (NP-1);

tf = 51426;

NT = 8571;

xx = linspace(0,L,NP);

timearr = linspace(0,tf,NT);

y0 = zeros(NEQ,1);
MM = eye (NEQ,NEQ) ;
opt = odeset('RelTol', 1.0e-6, 'AbsTol', 1.0e-6, 'Mass', MM);

[T,Y] = odelbs(Q@odefun, timearr,y0,opt,D,p,w,G,ull,hh,NP,NEQ) ;

ul = Y(:,1:NP-1);
u2 Y(:,NP:NEQ) ;
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save ('T S23 ANI 0401 t6 c.txt','T',6 '-double','-ascii','-tabs');
save ('Y S23 ANI 0401 té6 c.txt','Y',6 '-double','-ascii','-tabs');

figure (1)
plot(T,u2(:,2))
figure (2)

plot (xx',u2 (end,1:NP) ")

end

function dy = odefun(t,vy,D,p,w,G,ul0,hh,NP,NEQ)
dy = zeros(NEQ,1);

5 O——————-— o———=———- o———=——-- o———=——-- o———=——-- o——=—==-- o———=———- o———=———- o-—-
-————0—-—————- o———=———- o———=——-- o)

% ulo ul (1) ul (2) ul (3)

ul (NP-1)

% u2(l) u2(2) u2 (3) u2 (4)

u2 (NP)

ul = y(1l:NP-1);
u2 = y(NP:NEQ) ;

dy (1) = -(ul(2)-ul0)/(2.0*hh) + w*D* (u2(2)-ul(l));
for i = 2 : NP - 2
dy (i) = -(ul(i+1)-ul(i-1))/(2.0*hh) + w*D* (u2(i+1)-ul(i));
end
i =NP - 1;
dy (i) = =-(3.0*ul(i)-4.0*ul(i-1)+ul(i-2))/(2.0*hh) + w*D* (u2 (i+1)-
ul(i));
i=1;
dy (NP-1+1i) = -D*w*p/G* (u2(i)-ul0)* (ul0+(G-1)*u2(i))* (ul0+ (G-
1)*u2(i));
for i = 2 : NP
dy (NP-1+i) = -D*w*p/G* (u2 (i) -ul(i-1))* (ul (i-1)+ (G-
1)*u2(i)) *(ul (i-1)+(G-1)*u2(i)):;
end
end
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APPENDIX C — CALCULATION OF AMMONIA FEEDING INTO RDE

The total amount of ammonia feeding in RDE system can be calculated as assumed by
ideal gas law. For example, total moles of feeding ammonium gas (997ppm) for 140sec
with 60cc/min at standard condition, can calculate as following.

PV =nRT [C.1]

_ nNRT _ 1mol x0.082atm - L/K -mol x (273.15 + 23)K
P latm

Vv =24.3L [C.2]

The volume of 1mole of ammonia gas was calculated with assumption of ideal gas law so
that we can find total amount of feeding ammonia gas by multiple of the rate of ammonia

gas and flow rates of ammonia gas.

1 mole ideal gas:imoles/L [C.3]
24.3

997 1
997 ppm = 22/
PPM =105 * 24

2 x10° =41.0moles/L [C.4]

41.0moles / L x 60 cc/ min x140sec- min/ 60sec =5.7mol [C.5]

Based on this assumption, we can estimate the monolayer of feeding ammonia gas with

ECSA of Pt/C electrode in Figure 6.9c.
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APPENDIX D — DIFFUSION COEFFICIENTS FOR CATIONS
Table D 1. Literature review of diffusion coefficient for cations in PFSA membrane

- Diffusivity x10°[cm?/s]
E_Iz(pehrlr_nental Author Journal lon Remark
echniques T=0°C 25°C 40°C
H. L. J. Electrochem. + after 2
Yeager | Soc., Volume 128, Na 0.278 112 1.49 years in as-
and A. Issue 9, pp. 1880- + received
Steck 1884 (1981) Cs 0.052 0.170 0.301 form
Grrald Journal of Na® 1.7
Membrane
Pourcelly Science 110
Radiotracer etal. ca® 0.34
) (1996) 69-78
permeation
i) Dpr/Dtr,
sulponated
Anne- | 3.Phys. Chem. B | N(CHy).' 0.2 - 0.3/0.09 m':?]','yt')me
Rolletet | 200% l1238é 1130- JEW = 792
al. g/equiv
Na" 0.09-0.1 Dtr
Li* 10.3 N117
Na* 13.3
Streaming Gang Xie J. Electrochem. K+ 19.6
potential an<|jq_ Soc., Vol. 14k2), No. Rb* 20.7
ada P Cs 20.6
Mg®* 7.1
ca® 7.9
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S 7.9
Ba** 8.5
Ag’ 1.61 N117
2009.
Na* 103 pupllshed
inter
diffusion
Nonstationar Gose\}ami K’ 0.73
radiotracery Anjali J. Phys. Chem. B +
e ' 2001, 105, 9196- Cs 0.194
diffusion Acharya,
9201
method and A. K. 7n2 0.32
Pandey '
ca™ 0.25
s 0.16
Ba** 0.146
molarity of
. N(CH,),CI
e N(CHs)s 0.20 (ks
J. Phys. Chem. B ’
Laure 0.5[mol/kg]
. 2001, 105, 4503- ;
Pulsed-Field Rollet et 4509 molarity of
Gradient al. N(CHa).* 0.12 N(CHy)ClI
nuclear 34 : 1.0-
magnetic 2.0[mol/kg]
resonance - J. Phys. Chem. B, o+ Li-form
spectroscopy Mo_r|h|ro Vol. 108, No. 41, L 1.4 N117
Saito et
2004 16064- o . .
al. 16070 Li 1.2-20 Li-Flemion
Anne- J. Phys. Chem. B + Dpr/Dtr,
Laure | 2004, 108, 1130- N(CHs)a 0.2-0.3/0.09 sulponated
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Rolletet | 1136 Polyimid
al. membrane
[EW =792
glequiv
Thc')Amas J. Phys. Chem. ﬁiﬁe\évjteesr
‘.| 1991, 95, 6040- H+ 0.6-5.8
Zawodzin per
: 6044
ski sulfonate
Li* 0.17(0.37) N117
Na" 0.68(0.30)
Forward and Zdenek The Journal of
Reverse (in Samec’ Physical K 0.68
Parenthesea) and Chemistry, Vol.
lon-Exchange | Antonin | 98, No. 25, 1994 Rb* 0.93
Measurement | Trojhnek 6352-6358
Cs" 1.06(0.059)
Ru(bpy)s** 2.80
the isotopic- Cs" 0.194 N117
exchange G. J. Phys. Chem. B
method in the | Suresh et | 2004, 108, 4104- cu® 0.290
absence of H" al. 4110
ions Eu® 0.045
co® pH=0 3.55 N117
c R 1 2.03
Spectrophotom CHri§ J. Phys. Chem.
etric ' 1987, 91, 3606- 2 0.604
Theodore
Measurement Kuwana 3612
cu® pH =0 2.93
1 3.17
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2 0.673
3 0.786
cr* pH=0 3.36
1 1.01
2 0.598
3 0.358
JOURNAL OF Na"* 4.5
. APPLIED _
Pét'\gl"et ELecTROCHEMI | [PINH3)4] 0.52 DNané}“'gX
: STRY 25 (1995)
. 227-232 OH 0.60
Conductivity :
measurement Anion
transport @
Kuo-Lin | Ind. Eng. Chem. HSO,4 1.08 low pH, a
Huang Res. 2003, 42, high ionic
et.al 3620-3625 strength
Cr(VI) 0.806
Aleksey + via water
. K 5% 1.7
V('jsvhgzgk J. Phys. Chem. B contents
Simulation 2001, 105, 9586- 12.5% 4.7
Alexande
iy 9594
Neimark 17.0% 10.1
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Table D 2. Comparison of diffusion coefficients for various cations in Nafion® membrane

Experiment Dx10° Temperature Remark
Technique [cm?/s] 0°C 22°C 40°C 70°C
NH," - 2.57 - 11.0
University of South
Mass uptake ca** - 2.20 - 7.0 Caﬁélina
Na* - 5.50 - 16.0
Na"* 0.278 1.12 1.49 - H.L.Yeager et al.
Radiotracer Na - 1.7 - - Pourcelly et al.
permeation ca* - 0.34 - -
N Anne-Laure Rollet et
Na (Dtr) 0.1 al.
Nonstationary Na" - 1.03 - - A.Goswami et al.
radiotracer 24
diffusion ca - 025 ] ]
H* - 0.6-5.8 - - Zawodzinski et al.
PFG-NMR
Li* - 1.2-2.0 - - Morihiro Saito et al.
Na" - 0.68(0.30) - - Zdenek Samec et al.
Li* - 0.17 - -
lon exchange
K" - 0.68 - -
cu® - 0.29 - - G. Suresh et al.
Conductivity Na* 45 P. Millet et al.
Li* - 10.3 - - Gang Xie et al.
Streaming Na* ) 13.3 i i
potential '
method K* - 19.6 - -
ca*’ - 7.9 - -
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APPENDIX E — RAW DATA FOR VANADIUM ABSORPTION

Table E.1 Raw data for vanadium absorption measurement by AA, and UV-vis. (shown in Figure 7.1)

Concentration [N] The ionic fraction | The measured amount | Equivalent f-::(:etif:'(;:f

pH of vanadiur_n inacid | of vanadium in N115 | vanadium in vanadium

V H,SO, solution [umol] N115 [umol] in N115
0.027 0.240 0.10 14 28 0.16
0.086 0.200 0.30 30 60 0.33
V/C\I/zgs) 32350 0.151 0.151 0.50 29 58 0.32
0.233 0.100 0.70 31 62 0.34
0.451 0.050 0.90 29 58 0.32
0.01 0.09 0.09 4 12 0.06
0.03 0.07 0.30 12 36 0.17
V0s(s) | 104 | o5 0.05 0.50 15 45 0.22
IVT =200 ¢ 75 0.025 0.75 16 48 0.28
0.09 0.01 0.90 16 48 0.29
0.4 3.6 0.10 4 9 0.05
VOSO, 11 1.2 2.8 0.30 7 14 0.07
(aa) | 55 2.0 2.0 0.50 9 18 0.09
\V ek ' 2.8 1.2 0.70 10 20 0.10
3.6 0.4 0.90 12 24 0.12
0.005 4.395 0.001 1 1 0.01
V,05 (s) |-0.28 0.22 418 0.05 4 4 0.02
/VO," |~0.07 0.7 3.7 0.16 4 4 0.03
0.9 3.5 0.21 5 5 0.03

Capacity of N115 sample = 180umol
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Table E.2 Raw data for vanadium absorption measurement by AA, and UV-vis. (shown in Figure 7.2)

Concentration [N] The ionic fraction | The measured amount | Equivalent fl-:cetilc?:g:f

pH of vanadium in acid | of vanadiumin N115 | vanadium in vanadium

\ H,SO, solution [umol] N115 [umol] in N115
0.009 0.091 0.09 5 15 0.08
1.34 0.015 0.085 0.15 7 21 0.12
~2.30 0.03 0.07 0.3 10 30 0.17
0.050 0.05 0.5 13 39 0.22
0.01 0.09 0.09 4 12 0.06
1,04~ 0.03 0.07 0.30 12 36 0.17
V,05 (5) 2'00 0.05 0.05 0.50 15 45 0.22
273 ' 0.075 0.025 0.75 16 48 0.28
0.09 0.01 0.90 17 51 0.29
0.3 3.7 0.08 1 3 0.02
027 0.6 34 0.15 4 12 0.06
~0‘ 30 1.2 2.8 0.3 7 21 0.12
' 2.4 1.6 0.6 14 42 0.23
3.0 1.0 0.75 17 51 0.28

Capacity of N115 sample = 180umol
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