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Mass transport in a hydrogen gas diffusion electrode
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Experimental data are presented concerning the diffusion-limited current density for hydrogen oxi-
dation in a gas diffusion electrode (GDE) under various conditions. These current densities were
obtained using mixtures of hydrogen and inert gases. To elucidate the dependence of the overall
mass transport coefficient on the gas phase diffusion coefficient and the liquid phase diffusion coef-
ficient of the hydrogen, a simplified model was derived to describe the transport of hydrogen in a
GDE based on literature models. The GDE consists of a hydrophobic and a hydrophilic layer,
namely a porous backing and a reaction layer. The model involves gas diffusion through the
porous backing of the GDE combined with gas diffusion, gas dissolution and reaction in the reaction
layer of the electrode. It was found that the transport rate of hydrogen under the experimental circum-
stances is determined by hydrogen gas diffusion in the pores of the porous backing, as well as in the
macropores of the reaction layer. Diffusion of dissolved hydrogen in the micropores of the reaction
layer, through the liquid, is shown to be of little significance.

Notation k, effective rate constant of gas transport into
micropores of gas diffusion electrode per
Agq  geometric electrode surface area (m?) unit of macropore surface (ms™)
¢, concentration of reactive component at the ky electrochemical rate constant of the hydro-
inlet of the gas compartment (molrn_3) gen oxidation reaction (m s7h

conr  concentration of reactive component in and k, mass transport coefficient (ms™")
at the outlet of the gas compartment L effective length of a pore (m)
(mol m~? ) M effective pore concentration per unit of geo-
cga concentration of sulphuric acid in the sol- metric electrode surface area (m™2)
ution compartment (molm_3) N hydrogen flux (mol s_l)
¢ concentration of reactive component in a n number of electrons involved in the elec-

gas diffusion electrode (mol m™) trode reaction
D, /(T) interdiffusion coeflicient for gas iin gasjat a r effective pore radius (m)
temperature T (m?s7h) S effective cross-sectional pore area, 7r? (m?)
D, diffusion coefficient for electroactive species T temperature (K)
in solution (m2 s_l) Vy, molar volume of gas (m3 mol_l)
E electrode potential (V) o Bunsen coefficient (—)
E, equilibrium electrode potential (V) n overpotential (V)

E. upper limit electrode potential (V)
F, iy volumetric flow rate at the inlet of the gas  Subscripts
compartment (m>s™") ' the gas-filled macropores of the porous

F, n volumetric flow rate of nitrogen at the inlet backing
of the gas compartment (m_3 s_l) 2 the gas-filled macropores of the reaction
Fy in mass flow rate at the inlet of the gas com- layer
partment (kg s7h 3 the solution-filled micropores of the reac-
% Faraday constant (A's mol_l) tion layer
H Henry’s constant defined by Equation 9 (—) L2 at the mouth of the macropores of the reac-
lya,1 diffusion limited current density for gas dif- tion layer at the interface of macropores of
fusion electrode (A m™2) the porous backing and the macropores of
lod 1, cale Calculated diffusion limited current density the reaction layer
for gas diffusion electrode (A m_z) %3 at the mouth of a micropore in the reaction
i3 local current density for hydrogen oxidation layer at the interface of macro and micro-
reaction in a micropore of the gas diffusion pore in the reaction layer
electrode (A m_z) G gas phase

Iy, current for hydrogen production (A) liquid phase
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1. Introduction

Gas diffusion electrodes (GDESs) have been developed
and optimized for use in fuel cells for direct energy
conversion. In recent years the applicability of the
GDE in other fields of applied electrochemistry has
received increasing attention. In particular, the hydro-
gen GDE, used as anode in metal deposition pro-
cesses, has been the subject of several investigations.
In this paper results are presented for commercially
available GDEs developed for phosphoric acid fuel
cells at high temperatures, viz 200°C, applied in
dilute sulphuric acid solutions at low temperatures,
from 25 to 70°C.

To describe the behaviour of gas diffusion elec-
trodes, many models have been proposed [1-6].
Some models include possible gas-phase transport
limitations, whereas others neglect the influence of
these gas-phase phenomena, since the diffusion coeffi-
cient of the reactant gas dissolved in the liquid phase is
small compared to the diffusion coefficient of the
reactant gas in the gas phase.

A GDE, as used in this paper, consists of two
layers. The gas side layer is a porous substrate
acting as electrode support and current collector and
allows the gas to reach the catalysed reaction layer.
The liquid side layer is the catalysed reaction layer
and consists of a network of gas-filled macropores
and liquid-filled micropores.

Hydrogen is transported through the pores of the
porous backing into the macropores of the reaction
layer. Subsequently it dissolves in the solution of the
micropores of the reaction layer. It then diffuses
towards the reaction sites where it is oxidized.

) ©

To investigate the rate determining step for hydro-
gen transport in a GDE under diffusion limited condi-
tions, a mixture of hydrogen gas and an inert gas was
supplied to the gas diffusion electrode. The limiting
current density for hydrogen oxidation was deter-
mined as a function of a number of parameters, e.g.
composition of solution, type of inert gas, tempera-
ture, gas pressure and liquid pressure.

In a previous paper [7] the overall mass transport
coefficient for a GDE under diffusion-limited condi-
tions was determined where the concentration of
reactant gas in the gas compartment adjacent to the
porous substrate of the GDE was calculated with a
CSTR reactor model for the gas compartment. In
this work experimental results are presented to eluci-
date the diffusion rate-determining step.

2. Experimental details

The experimental set-up is shown in Fig. 1. Some
adaptions to the experimental set-up as described in
[7] were made to allow the gas to be saturated with
water vapour at the cell operating temperature and
to vary the gas and liquid pressure.

The experimental cell has been described previously
[7]- It was fitted with Fuel Cell Grade Electrodes on
Toray Paper purchased from E-TEK, USA. These
gas-diffusion electrodes were loaded with 0.50 mg
cm™? platinum. The active (hydrophilic) layer has a
thickness of approximately 0.1 mm, whereas the
total electrode thickness measures approximately
0.55mm. A geometric electrode surface area of
20 x 20 mm?® was exposed to gas and solution.

The solutions used were 0.5 to 9M H,SO, prepared
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Fig. 1. Schematic illustration of the experimental setup. (1) Flowmeter, (2) hydrogen generation cell, (3) heat exchanger for gas, (4) water
saturation vessel for gas, (5) water column for gas overpressure, (6) test cell, (7) heat exchanger for solution, (8) solution pump and (9) sol-

ution storage vessel.
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from sulphuric acid p.a. (Merck) and deionized water.
The solutions were circulated through the solution
compartment of the test cell at a flow rate of Scm’s™".

The liquid pressure on the GDE could be varied by
means of variation of the height of the solution stor-
age vessel. The height difference between the cell and
the solution storage vessel was adjustable in the
range 0 to 1 m, equivalent to a pressure from 1.0 to
1.1 bar. The temperature of the solution was kept con-
stant by a heat exchanger near the solution inlet of the
test cell.

Hydrogen added to an inert gas stream was fed to
the gas compartment of the test cell. The inert gases
used were nitrogen, helium and argon. The inert gas
flow rate was controlled by a valve and measured by
a Fischer & Porter 02F-1/8"-12.5 flowmeter fitted
with a sapphire float. Hydrogen generated at con-
stant current from a 4M KOH solution was added
to the inert gas stream.

The gas overpressure was applied by a water
column fitted to the gas outlet of the test cell. The
height of the water column was adjustable in the
range 0 to 1 m, equivalent to a pressure from 1.0 to
1.1bar. The gas temperature was controlled by
means of a heat exchanger near the gas inlet of the
test cell. A thermostatted vessel that could be filled
with water was situated in the gas inlet circuit. By
means of this cell the inlet gas could be saturated
with water vapour at the cell operating temperature.

Cyclic voltammograms were recorded using a
Solartron 1286 eclectrochemical interface (ECI) con-
trolled by a microcomputer. The potential range of
1 V between the equilibrium potential of the gas diffu-
sion electrode, E,, and the more positive potential,
E, = E, + 1V, was scanned at a rate of 5mVs~! in
the 1ECIs stepped sweep mode at a stepping rate of
Is .

Electrochemical impedance spectra were recorded
using the ECI and the Solartron 1250 frequency
response analyser (FRA). Ohmic drops between the
tip of the Luggin capillary and the gas diffusion elec-
trode were calculated using these impedance spectra.
Potentials used in this work are referred to E, and
the overpotential n = E— E, was corrected for
ohmic drop.

3. Results

Diffusion-limited current densities were determined
using the mean current density value for the scans in
the potential range 0.3 to 0.5 V. The diffusion-limited
current density 7,4 ; is calculated as the mean value of
the mean values in the positive potential direction and
of those in the negative potential direction to account
for (pseudo) double layer effects.

Figure 2 shows the influence of the concentration of
sulphuric acid, cgs, on the diffusion-limited current
density, iyq |, at various hydrogen concentrations in
the hydrogen/nitrogen mixture, c;;, at a constant
volumetric flow rate of nitrogen gas, F, v, at constant
temperature 7. The data are averaged from multiple
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Fig. 2. The diffusion limited current density, iy 1, s a function of
the sulphuric acid concentration in the solution, cga, at a tempera-

ture of 293K and various hydrogen gas inlet concentrations. The

volumetric nitrogen flow rate: 5.08 cm sL.

measurements. Measurements at sulphuric acid con-
centrations over 9M are not reliable, since the elec-
trode deactivates due to the products formed from
the Perspex of the test cell. The mass transport coeffi-
cient kg was calculated according to [7] using

. nF
lod,1 = m <(Fv,in + ksAgd)

- \/(Fv,in + ksAgd)2 - 4'ksAngv,in VmCin )

(1)
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Fig. 3. The diffusion limited current density, iga,1> as a function of
the gas inlet concentration, ¢;,, at a temperature of 293K and an
inert gas flow of 5.08cm’®s™'. Inert gases used are (M) Ar, (@)
He, (+) Nz.
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Table 1. Interdiffusion coefficients from literature for hydrogen in
various inert gases, calculated overall mass transport coefficients for
T=293K

Inert gas 10* x DHz’j/m2 5! ky/ms7!

Nitrogen 0.74 7.33 x 1073
Argon 0.80 6.94 x 107
Helium 1.40 11.68 x 1073

k, was calculated to be 8.9 x 10> ms™! with a stan-
dard deviation o of 0.6 x 10 > ms~! for 0.5, 1.5 and
3 M sulphuric acid. For 6 M and 9M sulphuric acid,
k, was calculated to be 10.3 x 107> and 8.0 x
103 ms™! with standard deviations of 0.7 x
10 ms! and 0.5 x 103 ms™!, respectively.

Figure 3 shows the influence of the hydrogen con-
centration in the inlet gas, c;;, on gq | at a constant
volumetric flow rate of inert gas for N,, Ar and He
as inert gases. The calculated mass transport coeffi-
cients are tabulated in Table 1.

Figure 4 shows the influence of temperature on the
diffusion-limited current density, iy ), at a constant
hydrogen production current and at a constant nitro-
gen gas mass flow rate. As the temperature increases
from 293 to 353K, ¢, decreases and F, ;, increases.
Figure 4 shows measurements for gas saturated with
water vapour at 293K, as well as for gas saturated
with water vapour at the operating temperature of
the cell.

Figure 5 shows the influence of gas pressure as well
as solution pressure on the diffusion-limited current
density, i1, at a constant T, [, and nitrogen gas
mass flow rate. Since the gas pressure is varied, both
¢ip and F, i, vary.
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Fig. 4. Measured diffusion limited current densities, Zy4 ;, as a func-
tion of the cell operating temperature at a nitrogen gas flow rate of
5.08cm®s™! at 293K and at a hydrogen production current Ly, of
0.5A. The gas fed to the cell was saturated with water at 293K
(M) or saturated with water at the cell operating temperature (+).
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Fig. 5. The diffusion limited current density, i,q |, as a function of
the gas pressure at a nitrogen gas flow rate of 5.08 em’s™! at
1.0 bar, a temperature of 293K, a hydrogen production current of
0.5 A and a liquid pressure of 1.0 (M), 1.05 (®) and 1.1 (+) bar.

4. Theoretical analysis

Various models have been proposed to account for
the behaviour of gas diffusion electrodes [1-6,
8-10]. An applicable model to explain the behaviour
observed includes a porous backing acting as sup-
port, current collector and gas transport layer com-
bined with a reaction layer consisting of a network
of drowned and gas-filled pores. To estimate the influ-
ence of diffusion coefficients on the overall mass coef-
ficient, a simplified model based on, for example,
References 46 using effectiveness factors for the gas
filled macropores and the drowned micropores in
the reaction layer is derived below. In this model,
three stages of hydrogen transport are combined:

1. transport of hydrogen through the gas-filled macro-
pores of the porous backing.

2. transport of hydrogen gas in the gas-filled macro-
pores of the reaction layer where, simultaneously, dis-
solution of hydrogen gas in the solution present in the
micropores of the reaction layer takes place.

3. transport of dissolved gas in the solution-filled
micropores of the reaction layer, where oxidation of
dissolved hydrogen on the catalyst sites on the micro-
pore walls occurs simultaneously.

The pore properties in the respective stages are
given by their effective length, radius and concen-
tration per unit of geometric electrode surface area
L, r and M (Fig. 6).

In a previous paper [7] the overall mass transport
coefficient for hydrogen, k,, was defined by

igd,l = 2gtkscout (2)

The hydrogen flux into a single pore of the porous
backing, where no reaction occurs, can be approxi-
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Fig. 6. Schematic illustration of a gas diffusion electrode. (1) Porous
backing, (2) reaction layer, (3) solution, (4) gas, (5) macropore and
(6) micropore.

mated by
Ny = Dy j/Li)(cou — €1,2)S] (3)

where c, ; is the concentration at the interface of the
porous backing and the reaction layer. This concen-
tration is also the concentration of hydrogen at the
mouth of the macropores of the reaction layer. In
this approximation, the influence of water vapour
and pressure effects are neglected. The current den-
sity for the hydrogen oxidation expressing the rate
of hydrogen transport into the porous backing
becomes

igd,l = ZgNlMl (4)

The flux of hydrogen into the mouth of a gas-filled
macropore of the reaction layer can be approximated

by (e.g. [14]):
N, = ¢y tanh (¢,)(D; ;/L2)cy 25, (5)

where ¢, is the Thiele modulus for the cylindrical
macropores of the reaction layer, defined as

¢y = L2(2k2/r2Di,j)1/2 (6)

The current density equivalent to the flux into these
pores is

lga1 = 2F Ny M, (7

A combination of Equations 2, 3, 4, 5 and 7 gives an
expression for the overall mass transport coefficient
kg:

k= (D; j/ L2) M, S,¢, tanh ¢, (8)
P (My/M)) + (S,L,/S1Ly) ¢, tanh ¢

To evaluate the transport rate constant for hydro-
gen transport into the micropores of the reaction
layer, k;, as a function of the rate constant of reaction
on the surface of the catalyst, k3, the hydrogen con-
centration in the gas phase of the macropore is
assumed to be in equilibrium with the hydrogen con-
centration in the solution of the micropore at the gas—
liquid interface:

031 =Heys g )

Assuming that radial diffusion is not rate-determin-
ing, ¢; 3  can be set equal to c;.

The reaction at the surface of the micropore is
assumed to be first order with respect to the hydrogen
concentration in the solution, ¢3. Again, radial diffu-
sion is assumed not to be rate-determining. The
reaction rate constant, &3, is a function of the catalyst
surface concentration and the potential applied. The
surface rate of reaction at the surface of the micro-
pore is defined as

i3/ (2F) = kscs (10)

For a single cylindrical micropore, the flux into this
pore can be calculated to be

N3 = ¢ tanh ¢3 (Dy/L3)S309,3 1 (11)

where ¢; is the Thiele modulus for a cylindrical micro-
pore in the reaction layer, defined as:

¢3 = Ly(2ks/rsDy)"/? (12)

The micropore density on the macropore surface can
be estimated using

M3 = M;/(2rr, L, M)) (13)

Combining Equations 9, 11 and 13, the rate constant

for transport of hydrogen gas into the macropores
wall of the reaction layer becomes

ky = ¢stanh ¢5 (Dy/Ls)S3 M3 H (14)

Equations 6, 8, 12 and 14 can be used to evaluate the
dependence of k; on D; ; and Dy.

If S M1 /L, > S, M,/ L,, there is no dependence on
¢,. Then k, can be shown to be

k= SiM D/ L, (15)

This implies that the mass transport of hydrogen is
completely determined by the porous backing; the
rate of hydrogen transport becomes independent of
the process occurring in the reaction layer. This
result is consistent with the result derived by Kimble
et al. for limiting gas diffusion through a membrane
[11-13].

For the cases where SiM\/L; < S,M,/L,, the
expression for k; becomes dependent on ¢,. If diffu-
sion of gas through the macropores in the reaction
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layer is the faster process (¢, < 0.2), tanh ¢, becomes
approximately equal to ¢, and k can be described by

ky =2k, LoM,S, /1y (16)

In this case, k, becomes independent of the diffusion
cocfficient in the gas phase, D; ;. This result is consis-
tent with the expressions for the diffusion limited cur-
rent density as derived by Stonehart ez al. [15] and
Cutlip [4].

If diffusion of gas through the macropores in the
reaction layer is the slowest process (¢, > 2.7),
tanh ¢, becomes approximately equal to 1 and %,
can be described by

kg = M2S2(2k2Di,j/r2)1/2 (17)

This result is analogous to that one found for catalytic
surface reactions in porous catalyst particles (e.g. [14])
and is consistent with the expression derived by Cutlip
[41.

Expressions for &, depending on the value of ¢; can
be derived for strong diffusion resistance in the micro-
pores of the reaction layer (¢; > 2.7, tanh¢y = 1,
Equation 18) and for a slow surface reaction
(¢35 < 0.2, tanh ¢35 = ¢3, Equation 19). It was found
that &, is, respectively,

ky = S3MiH(2k3D,/r3)"/? (18)

and

k2 = 2k3L3S3M3'H/r3 (19)

So, depending on the value of ¢;, the dependence of k;
on D" with a value of n between 0 and 0.5 will be
observed.

5. Discussion

As can be seen from Fig. 2, there is very little influ-
ence of the sulphuric acid concentration on the
diffusion-limited current density for hydrogen oxi-
dation in the GDE. The diffusion coefficient for dis-
solved hydrogen, D,, decreases from approximately
0.35x 10°m?*s™! to 0.20 x 10 *m?s™! when cgy
increases from 0.5 to 9kmolm™> [16]. The solubility
of hydrogen in sulphuric acid, as quantified by the
Bunsen-coefficient «, also decreases by a factor of
approximately 2.5 for the same increase in cga [17].
This means that H decreases by a factor 2.5 with
increase in ¢ga from 0.5 to 9 kmol m >, These changes
should result in a large decrease in the diffusion
limited current density if mass transport of hydrogen
in the liquid layer influences the overall process. We
can therefore rule out this process as rate determining.

Table 1 shows the influence of the inert gas on the
overall mass transport coefficient k£, and the inter-
diffusion coefficients for hydrogen in various inert
gases [18]. The mass transport coefficient is not pro-
portional to d; ; but almost proportional to D,?'js.
The value of 0.8 was obtained by least squares
approximation from kg =k ¢D;;. This indicates
that diffusion of hydrogen through the pores of the
porous backing of the electrode combined with diffu-

sion in the gas phase of the macropores of the reaction
layer of the GDE determines the limiting current of
hydrogen oxidation. The diffusion of hydrogen gas
in both layers contributes to the overall diffusion
resistance. Since only a small influence of H was
observed, it is concluded that the major resistance
for hydrogen transport is located in the porous back-
ing.

The dependence of the diffusion limited current
density, iyq;, on the operating temperature, T, is
shown in Fig. 4 for both experiments with gas satu-
rated with water vapour at 293K as well as for
those with gas saturated with water vapour at the
cell operating temperature. The difference in igq; is
caused by a difference in water vapour content of
the inlet gas; in particular at temperatures over
approximately 330K. If the gas inside the pores of
the gas diffusion electrode were in equilibrium with
the solution inside those pores, the gas inside the
pores would have approximately the same com-
position for both types of measurements resulting in
the same diffusion-limited current density. However,
a large difference has been found. It is therefore con-
cluded that the gas inside the pores is not in equilib-
rium with the solution at higher temperatures.

From the data plotted in Fig. 4, k values have been
calculated using Equation 1, where Vy,, ¢, and F, i,
were corrected for temperature increase using the
ideal gas law. The data from the experiments with
gas saturated with water vapour at the cell operating
temperature were also corrected for the influence of
water vapour on the composition of the gas using par-
tial vapour pressure data from [19]. The water vapour
correction at 293 K was neglected. These corrected &
values are shown in Fig. 7. From this figure it follows
that the interdiffusion coefficient for hydrogen, D, ;,
does not solely determine the behaviour of &, at ele-
vated temperatures, since D; ; increases continuously
with increasing temperature [18] and with increasing
water vapour content of the gas [20]. k;, however,
decreases at temperatures over approximately 325 K.
Since a maximum is observed at practically the
same temperature for gas saturated with water at
293K, as well as for gas saturated with water at the
cell operating temperature, the decrease cannot be
caused by the evaporation of water inside the pores
of the gas diffusion eclectrode [7]. Possibly, the
decrease in k, at temperatures higher than 325K is
caused by changes in the wetting behaviour of the
gas diffusion electrode. Due to lowering of the sur-
face tension of the solution, the electrode becomes
more flooded.

From Fig. 5, it follows that there is a steep increase
in diffusion limited current density with increasing gas
pressure. This increase cannot be explained from an
increase in the hydrogen concentration of the gas
fed. An increase of approximately 7% in iy is
predicted using the ideal gas law if the gas pressure
is increased from 1.0 to 1.1bar, however, the
measured increase in iyq ; amounts to approximately
44%. The experimental increase may be explained
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Fig. 7. The overall mass transport coefficient & calculated from the
data in Fig. 5 as a function of the cell operating temperature T. The
gas fed to the cell was saturated with water at 293 K () or saturated
with water at the cell operating temperature (+).

by a reduction of solution blockage of narrow pores of
the electrode at increasing gas pressure, resulting in
higher utilization of the electrode [10]. The pressure
difference between the gas side pressure and the
liquid side pressure has to be maintained within cer-
tain limits to obtain good utilization of the GDE as
may be deduced from Fig. 5.
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