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The rate of  ion-exchange between an aqueous solution of  plat inum tetramine and a Nation ® 117 
membrane  in H + form is studied. Experimental data  are collected using extended X-ray absorption 
fine structure (EXAFS) spectroscopy in dispersive mode. Results are obtained for various plat inum 
tetramine concentrations in the solution and different hydrodynamic  regimes at the m e m b r a n e -  
solution interface. A shift f rom a layer diffusion controlled rate (L) to a membrane  diffusion con- 
trolled rate (M) is observed when the salt concentrat ion and the stirring of  the solution are 
increased. Time dependent  fractional concentrat ion in plat inum tetramine inside the membrane  are 
computed for the two limiting cases of  diffusion (L and M). Good  agreement is found between experi- 
mental  and simulated data. The role of  the rate of  ion-exchange on the electrochemical performances 
of  e lec t rode-membrane-e lec t rode  composites for water electrolysis applications is discussed. 

List of symbols 

A surface of the membrane contacting the solution 
(1.0 cm 2) 

Apt geometrical area of the platinum RDE 
(era 2 ) 

Ci concentration of species i in the bulk solution 
(mol cm -3) 

C[ concentration of species i in the membrane 
(mol cm -3) 

C-  sulfonate concentration in the membrane 
(mol cm -3) 

Co concentration at the membrane-solution 
interface (mol cm -3) 

Di diffusion coefficient of species i in the solution 
(cm 2 s- 1) 

D/* diffusion coefficient of species i in the membrane 
(cm 2 s-l) 

F Faraday (96 500 C tool -1) 
IL limiting current of diffusion (A) 

1. Introduction 

The preparation of noble-metal based Nation ® com- 
posites is of practical interest because of potential 
applications in solid polymer electrolyte (SPE ®) 
water electrolysers and hydrogen/oxygen fuel cells 
[1, 2]. Such membrane-electrode assemblies (MEAs) 
can be prepared in different ways. For example, the 
coating under heat and/or pressure of a mixture of a 
catalyst powder and a binder on each side of the mem- 
brane [3, 4]; diffusion through the membrane of a 

K equilibrium constant= Cr*~, , ,2+/Cret~ .~.~2+ 
at equilibrium = 48 (2981~) '~J3J4j L tNH~;4J 

1 diffusion layer thickness (cm) 
L diameter of the cell (1.2 cm) 
n number of electron exchanged (2) during the 

electrooxidation of [Pt(NH3)4] 2+ 
N/ fractional concentration of species i in the 

membrane = ziCi*/C- 
Re Reynolds number defined as ul/7 
Sc Schmidt number defined as 7/D 
tl/2 time at which 50% of the ion-exchange is 

achieved 
v velocity of the solution (cm s -1) 
V volume of the membrane (0.01 cm 3) 
zi charge beared by species i 

kinematic viscosity of the solution 
(0.0114cm 2 s -1) assumed to be equal to that of 
pure water at 298 K 

~5 membrane thickness (cm) 
co rotation speed of the RDE (rad S -1 )  

reducing agent which reacts with an anionic salt of 
the metal to be plated [5]. 

Since the mid-1980s we have developed a procedure 
based on the localised chemical reduction of cationic 
noble-metal salts into Nation ® membranes. The 
platinum-based MEAs thus obtained show inter- 
esting electrochemical performance [6, 7]. The pro- 
cedure consists of (i) ion-exchanging the membrane 
with platinum tetramine, and (ii) reducing in situ 
the platinum salt to the metallic state. The reduction 
process is achieved by immersing the platinum 
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Solution 
Fig. 1. Schematic diagram of the polyethylene cell used for the 
EXAFS experiments; cell dimensions: 4cm × 4cm × 2cm; mem- 
brane dimensions: 2cm x 2cm × 0.019cm. 

tetramine-exchanged membrane  in a reducing solu- 
tion of  sodium borohydride. 

To optimize the electrochemical performance of  the 
MEAs and to limit the amount  of  plat inum deposited, 
we have studied in situ the ion-exchange and precipita- 
tion processes using EXAFS (extended X-ray absorp- 
tion fine structure) spectroscopy in dispersive mode. 
Results [8] show that at low salt concentration in the 
solution and low stirring, the rate of  ion-exchange is 
limited by ionic diffusion across the diffusion layer 
adherent to the membrane  surface, whereas at higher 
salt concentration and with more efficient stirring, the 
rate becomes limited by the diffusion in the membrane  
itself. In this paper,  we calculate the time variation of 
the plat inum fractional concentration in the mem- 
brane by considering the two limiting cases of  diffu- 
sion (layer and membrane  limitation). The effect of  
the parameters  controlling the rate of  ion-exchange 
is discussed. Kinetic data presented in [8] are used to 
check the validity of  the model. The precipitation 
process will be treated in a subsequent paper. 

2. Experimental  details 

2.1. Kinetic data 

Kinetic data were collected using EXAFS in dispersive 
mode [8]. The incorporation of  platinum tetramine was 
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Fig. 3. N . . . . . . .  2+ (expressed in %) as a function of time; effect of 
the volu~a~'fl~'ff rate: (O) 0.35, (@) 0.7 and (×) 1.05cm3s -~. 
[Pt(NH3)4] 2+ in the solution = i0 -2 M. 

followed in situ using the cell shown in Fig. 1. The con- 
centration of  the solutions was limited to 0.5 M because 
of the moderate solubility of  the salt at room tempera- 
ture. X-ray absorption by 0.5 M solutions (2 m m  thick) 
was negligible, and the collected spectra were not cor- 
rected for the signal of  the free solution. 

The structure of  the salt in the membrane  was found 
to be [Pt(NH3)4] 2+. Figure 2 shows the time variation 
of N[pt(NH~)4]2+ obtained for three different salt concen- 
trations in the solution and under constant volume 
flow conditions across the cell. Figure 3 shows the 
time variation of  N[pt(NH 3)412+ obtained for three differ- 
ent regimes of  stirring and at constant salt concen- 
tration in the solution. 
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Fig. 4. Effect of (a) volume flow across the cell, and (b) salt 
concentration in the solution on the time for half-change. In (a) 

2 +  2 [Pt(NH3)4] = 10- M; in (b) volume flow = 0.083 cm 3 s -] . 
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From Fig. 4, the effect of  the volume flow rate and 
the salt concentration in the solution on the time for 
half-change tu2 (tl/2 is defined as the time at which 
50% of  the ion-exchange is achieved) can be seen. 

2.2. Diffusion coefficients 

The value of  D m in aqueous solution was taken 
from the literature [9] as 9 x 10 -5 c m  2 S -1 at room 
temperature. 

According to Bard et al. [10], the anodic oxidation 
of  platinum tetramine occurs as follows: 

[Pt(NH3)4] 2+ + 2 Cl-  ~ [Pt(NH3)4CI2] 2+ + 2e- 

The value o f  D pt(NI_I3)4> in aqueous solution was [ 1 
deduced fi'om electrochemical measurements in 
aqueous solution using a platinum rotating disk elec- 
trode (RDE). Figure 5 shows the variation of  the 
limiting current of  oxidation o f  [Pt(NH3)4] 2+ as a 
function of  the square root  of  the rotation speed of 
the RDE. The measurements were made at 298 K in 
0.5 M H2SO 4. The linear relationship between IL and 
w 1/2 indicates that the kinetics of oxidation are 
limited by diffusion in the solution. Diet(Nu3)412+ was 
obtained from the following relation [11]: 

. . . . . .  2/3 -1 /6  1/2 
I L = o.oznPApt(F[Pt(NHs)4j2+L)(Pt(NH3)4]2+"/ o.1 (1)  

A value of 8.3 × 10-6cm2s -1 was obtained at room 
temperature. 

D~+ and D~t,Na ,,2+ in the membrane were 
[ k 3 ) 4 j  . . 

deduced from conductivity measurements as 
described elsewhere [12]. The following values were 
obtained: 

Dr]+ = 2.3 x 10-Scm2s -1 

D[pt(NH3)4]2+ = 5 .2  × 10 -7  c m  2 S 1 

2.3. Ion-exchange equilibrium constant 

The ion-exchange equilibrium constant K for 
[Pt(NH3)4] 2+ was obtained as detailed elsewhere 
[13]. A value of  48 was obtained at room temperature. 
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Fig. 5. Oxidation of 10 -2 M [Pt(NH3)4] C12 at a platinum RDE 
in H2SO 4 0.5 M. The limiting current of oxidation I t  is plotted 
against w 1/2, t h e  square root  of the rotation speed of the 
electrode. 

3. Theory 

3.1. Description of  the model 

We consider the ion-exchange between an aqueous 
solution of  platinum tetramine ([Pt(NH3)4] 2+) and a 
Nation ® membrane in H + form at room tempera- 
ture. As pointed out in [8], two limiting types of  
kinetics may be encountered: (i) diffusion in the 
boundary diffusion layer is rate-determining (L 
mechanism), (ii) diffusion in the membrane is rate- 
determining (M mechanism). It can be seen from 
Fig. 4 that the time for half-change tl/2 becomes con- 
stant for values of the volume flow above ca. 
0.35 cm 3 s -a and for values of  the salt concentration 
above 0.05 M. A value of approximately 1 min is 
reached for tl/2 in both cases. These results suggest a 
shift from L to M rate-determining mechanism when 
the salt concentration or the regime of stirring are 
increased. But as pointed out by Kressman and Kitch- 
ener [14], this criterion of  c o n s t a n t  tl/2 is not conclu- 
sive. The rate may reach a limit for hydrodynamic 
reasons and it may still be possible to achieve faster 
rates of exchange by using a different type of  stirrer. 
To check whether data of  Fig. 4 correspond to a 
change in the mechanism controlling the rate of  
ion-exchange, N[pt(NH3)4]2+ was calculated as a 
function of time in the two limiting cases of mass 
transport. 

The membrane-solut ion interface is represented in 
cross-section (Fig. 6). Three different zones can be 
distinguished: zone a, of  infinite thickness, is the 
bulk solution; zone b, of  thickness l, is the Nernst dif- 
fusion layer; zone c, of thickness 6/2, is the Nation ® 
membrane. 

3.2. L mechanism 

We consider the simple case of  the sorption of a 
diffusing species from a well-stirred solution. I f  the 
L mechanism is rate-controlling, then the rate of  
exchange satisfies the following differential equation: 

OVC* 1 D OVKCo 
5 7  - ( c - C o )  - -6i  (2) 

Bulk so lu t ion 

J I I - x  
0 1 8/2 

Fig. 6. Schematic diagram of the membrane-solu t ion  interface 
during the ion-exchange process. 
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The solution to Equation 2 is 

C o = C - Be  -'IT = C(1 - e - ' /~ ) (3) 

where B has been selected so that the membrane is 
initially at zero concentration. Substitution into the 
differential equation gives -r: 

D V K B  e t/~ V K  
A I  Be- t /~  ~- A D I  = - or r =  (4) 

In the present case, N[pt(NH3h]2+ (t) is given by 

2C[pt(NI-I3)4] 2+ 
N[pt(NH3)4]2+ (t) -- C -  

where 

, AIi  OCI;t(NH3)4]2+ 
C[pt(NH3)4]2+ = V ov D[pt(NH3)4]2+ OX x=l dt 

(5) 
In deriving Equation 5, the following hypotheses have 
been made: (i) the platinum concentration in the solu- 
tion being limited to ca. 5 x 10 -2 M by the solubility 
of the salt at room temperature, it is assumed that 
the chloride co-ions are excluded from the membrane 
(Donnan exclusion); (ii) the ionic concentrations in 
the bulk solution are assumed to remain unchanged 
(infinite volume of solution and efficient stirring); 
(iii) the effect of the electric field on diffusion in the 
diffusion layer is negligible; (iv) it is assumed that 
the platinum concentration varies linearly with x 
across the diffusion layer (quasisteady state). 

The thickness of the diffusion layer adherent to the 
membrane surface (l) is the only unknown in Equa- 
tion 5. Its value can be estimated from mass transfer 
correlations [15]: 

D 
lu = 0"664Re(-1/2)Sc(-2/3) (6) 

D is the diffusion coefficient of the diffusing species in 
the solution. Under the assumption of zero electric 
field in the diffusion layer, the value of D[pt(Ni_i3)4]2+ 
(8.3 × 10 -6 cm 2 s -1) was used to determine l 
from Equation 6, 

Equation 6 pertains to a laminar flow parallel to the 
membrane surface. The relation can be used for Rey- 
nolds numbers smaller than 3 × 103. This is the case in 
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Fig. 7. Hydrodynamics at the membrane-solution interface. Log 
(mass transfer rate) against log (fluid velocity), [y =-2.0908 + 
0.51192x; Re = 0.99976]. 

the present experiments, where the Reynolds number 
is always lower than 1 x 103. 

Figure 7 shows the linear relation between the mass 
transfer rate and the fluid velocity in the cell on a log 
scale. The proportionality to the power 0.5 is charac- 
teristic of laminar flow. Equation 6 can therefore be 
used for the determination of the thickness of the dif- 
fusion layer. 

Data of Fig. 4(a) suggest that the L mechanism 
prevails only for low flow rates. With a flow rate of 
0.083cm2s -1, the thickness of the diffusion layer 
obtained from Equation 6 is 280 #m, that is twice 
the value of the membrane thickness (the membrane 
has a total thickness of 190#m and is surrounded by 
two 180 #m thick diffusion layers). 

3.3. M mechanism 

Values of the diffusion coefficients for cationic species 
in Nation ® membrane are generally lower than those 
in aqueous solution, due to specific interactions 
between the diffusing species and the organic matrix 
[16]. Studies of Nation ® membranes have shown 
that its structure consists of two different phases 
[17]: (i) an organic fluorocarbon phase and (ii) hydro- 
philic microphase made of interconnected spherical 
clusters having an average diameter of a few nano- 
metre. Ionic diffusion occurs across these clusters 
and the process of diffusion can be described as in 
any other isotropic medium. 

If the M mechanism is rate-controlling, then the 
rate of exchange satisfies Fick's second law: 

0 * 2 , 
C[pt(NH3)412+ 0 C[pt(NH3)4]2+ 

Ot - -  D [ p t ( N H 3 ) 4 ] 2 +  OX 2 (7) 

In the case of a nonsteady state diffusion with uniform 
initial distribution and equal surface concentration, a 
semianalytical solution is given in [18]: 

N[pt(Nn3)4]2+ (t) -~ 1 

~ 8 exp [--D[pt(NH~)4}2+ (2j q- 1)2 ~T2t ] 
- j = 0  (2 j+ 1)27r 2 

(8) 

In deriving Equation 8, the following hypotheses have 
been made: (i) the platinum concentration in the solu- 
tion being limited to ca. 5 x 10 -2 M by the solubility 
of the salt at room temperature, it is assumed that 
the chloride co-ions are excluded from the membrane 
(Donnan exclusion); (ii) the ionic concentrations in 
the bulk solution are assumed to remain unchanged 
(infinite volume of solution and efficient stirring); 
(iii) the effect of the electric field on diffusion in the 
membrane is negligible; (iv) the diffusion coefficient 
of the diffusing species is independent of concentra- 
tion; (v) the ion-exchange equilibrium constant is 
assumed to be independent of N o~,72+ and to be [Pt(NH .... 
independent of the flux at the interface [19]. 

In Equation 8, the rate of exchange is independent 
of the solution salt concentration and of the regime 
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lated graphs obtamed (A) for different [Pt(NH3)4] concentrations 
in the solution and with a layer thickness of 150 #m and (B) for dif- 
ferent layer thicknesses and with a salt concentration of 10 -2 M. 

o f  stirring. Only  D ( the  diffusion coefficient o f  the 
sorbing species) and l (the membrane  thickness) play 
a role. 

4. Results and discussion 

4.1. Solutions to the model 

Figure 8(A) and (B) are relative to an L mechanism. 
Figure 8(A) shows the time variat ion o f  N[ptINH3)4]2+ 
for a number  o f  different salt concentra t ions  an 
the solution at constant  diffusion layer thickness 
(150#m).  Figure 8(B) shows the time variat ion 
o f  N[pt(NH ~)412+ for  a number  o f  different diffusion layer 

2 thicknesses at constant  salt concent ra t ion  (10 M). 
The influence o f  the salt concent ra t ion  and the layer 
thickness on q/2 is clearly seen. 

4.2. Comparison of experimental and calculated data 

Results obtained for three different salt concentra-  
tions at constant  flow rate (0.083 cm 3 s 1) are shown 
in Fig. 9. The calculation in Fig. 9 used Equa t ion  5 
because the flow rate was below the point  at which 
the ion exchar~ge rate is independent  o f  flow (Fig. 
4(a)). The thickness o f  the diffusion layer used for  
the calculation was 180#m,  as indicated in Section 
3.2. Results obtained for  three different flow rates at 
constant  salt concentra t ion (10 -2 M) are shown in 
Fig. 10. The calculation in Fig. 10 used Equat ion  8 
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Fig. 9. NrpttNH3X412+ (expressed in %) as a function of time; effect of 
t ~  J J  3 l the salt concentration at constant flow rate (0.083 cm s- ): (a) 

3.75 x 10 -2, (b) 1 x 10 -2 and (c) 5.5. x 10 .3 M. Calculated from 
Equation 5 with l = 180#m (...) and experimental (0) points. 

because the flow rates were all above the point  at 
which the ion-exchange rate is independent  o f  flow. 

A good  agreement  is found  between the experimen- 
tal and simulated results for bo th  sets o f  experiments. 
This suggests that  the rate o f  ion-exchange shifts f rom 
an L to an M control led mechanism. This point  is o f  
part icular  impor tance  for the prepara t ion  o f  large sur- 
face composites.  By moni tor ing  the ion-exchange con- 
ditions, it is possible to control  the a m o u n t  o f  
p la t inum salt incorpora ted  into the membrane  and 
which can be deposited at the membrane  surfaces. 
Care must  be taken in designing plating cells in order  
to obtain homogeneous  p la t inum sorpt ion at the 
membrane  surface. 

However ,  since the p la t inum diffusion coefficient in 
the membrane  is about  15 times slower than that  in 
the solution and since the diffusion layer thickness is 
only twice the membrane  thickness with a flow rate 
o f  0 .083cm3s -1, it is possible that  the rate o f  ion 
exchange is controlled by a mixed ( L - M )  mechan-  
ism. Addi t ional  work  is required to determine pre- 
cisely which mechanism prevails for such flow rates. 

5. Conclusions 

By considering the two limiting sorpt ion mechanisms,  
it has been possible to compute  N[pt(NH3)4]2+(t). 
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Fig. 10. N[pt(NH3)4]2+ (expressed in %) as a function of time; effect of 
flow rate at constant salt concentration (10 .2 M): (a) 0.35, (b) 0.7 
and (c) 1.05 cm 3 s -1 . Calculated from Equation 8 (...) and experi- 
mental (©, 0 ,  x) points. 
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Simulated values obtained correlate well with experi- 
mental data obtained in situ using EXAFS in disper- 
sive mode. A change in the rate determining 
mechanism of ion-exchange is observed. This change 
is controlled by the salt concentration in the solution 
and the hydrodynamics at the membrane-solution 
interface. 

The good correlation between experimental and 
calculated results suggests that the effect of the elec- 
tric field on diffusion remains negligible during the 
ion-exchange process. 

From a practical point of view, it is now possible to 
control the amount of platinum tetramine incor- 
porated into the membrane for the preparation of 
platinum based MEAs. This point is of particular 
importance to limit the amount of platinum deposited 
(cost considerations) and to obtain homogeneous 
platinum deposits on large surface membranes. 

This model also applies to two other cases of inter- 
est. First, the incorporation of a mixture of cations 
with various fractional concentrations. For example, 
we are currently investigating the in situ coreduction 
of platinum and ruthenium ions within Nation ® 
membranes. Ruthenium based anodes are interesting 
in that they allow lower anodic overvoltages (220 mV 
at 1Acm 2 against 340mV for platinum) but 
ruthenium is rapidly corroded [20]. Its coreduction 
with platinum may lead to more stable ruthenium- 
based anodes. The model can also be used to predict 
the rate of poisoning by metallic cations of the EME 
units of an electrolyser pilot plant. Circulation of 
highly deionised water (18Mf~cm at 25°C) in the 
stainless steel parts of an SPE ® water electrolyser 
results in a slow and steady corrosion of the steel 
pipes. The concentration of various impurities 
(mainly Fe, Cu and Ni) slowly increases with time. 
Ion-exchange with the membranes of the cell stack 
leads to drastic losses in cell efficiency [21]. 

In a subsequent paper [22], results concerning 
the simulation of the precipitation process will be 
presented. 
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