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Abstract: A large number of metallic alloys are currently under investigation in the field of
hydrogen storage and hydrogen separation membranes. For such applications, the knowledge of
the hydrogen diffusion coefficient in the given alloy is of great importance even if its direct
measurement is not always easy to perform. In this view, the aim of this work is to describe an
innovative procedure able to provide the lower limit of the hydrogen diffusion coefficient by
performing hydrogen absorption kinetic experiments. Two different tools are presented: The first is
a numerical code which solves the diffusion problem inside metals according to the general theory
of the transport phenomena, and the second is a dimensional analysis that describes the
dependence of the hydrogen diffusion coefficient from a few governing parameters. Starting from
the results of several hydrogen absorption kinetic experiments performed on a Pd-Ag sample
under different experimental conditions, the hydrogen diffusion coefficients were assessed by
using both the described tools. A good agreement among the results obtained by means of the two
procedures was observed.
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1. Introduction

Membranes based on Pd—Ag alloys are one of the reference technologies for the separation of
hydrogen from other gas species, especially in those cases in which the purity of the produced
hydrogen is one of the main requirements [1,2]. In fact, Pd-Ag and many metallic membranes
exhibit an infinite selectivity toward hydrogen, i.e., only hydrogen can permeate through such
membranes [3,4]. The hydrogen permeation through dense metal membranes is a solution—diffusion
mechanism, which foresees several steps: (i) Absorption of the molecular hydrogen on the metal
surface, (ii) dissociation of the hydrogen molecule into atoms on the metal surface, (iii) diffusion of
hydrogen through the metal lattice, (iv) recombination of the hydrogen atoms at the opposite side of
the metal wall, and (v) desorption of the molecular hydrogen from the metal surface [5]. Usually, the
driving force of the process is the hydrogen concentration gradient between the two sides of the
metal membrane in a no stress-strained metal. In the simplest case, in which the gradient of the
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concentration is restricted to one direction (x), the hydrogen flux across the metal membrane can be
expressed from the first Fick’s law:
dc
j=-D% (1)

where | (mol m2 s7) is the steady state flux of hydrogen through the metal wall, D is the diffusion
coefficient (m? s™), ¢ (mol m) is the hydrogen concentration in the membrane, and x (m) is the axial
coordinate along the direction perpendicular to the membrane surface.

By assuming that the atomic hydrogen dissolved in the metal membranes behaves as a dilute
solution, then its concentration in the metal lattice (c) can be expressed as:

¢ = S(T) /P, (2)

where S(T) (mol m= Pa?%) is the solubility (or Sieverts constant), T (K) is the temperature, and py,
(Pa) is the hydrogen partial pressure in the gas phase. From the combination of Equations (1) and (2),
it is possible to obtain Equation (3), known as Richardson’s equation, which relates the hydrogen
permeation flux () in a dense metallic membrane to the Hz pressure difference, the temperature, and
the membrane characteristics. Particularly, the product among the diffusivity (D(T)) and the
solubility (S(T)) represents the permeability (Pe(T)) (mol m™ s Pa%5% of hydrogen through the
metal:

\/sz,high - \/pHZ,low \/sz,high - \/sz,low (3)
l l

In several cases, the literature reports the evidence of a deviation of the hydrogen permeation
flow from Equation (3) especially with regard to the square root dependence [6-8]. From a practical
point of view, this means that in real systems, both the hydrogen diffusivity and solubility in the
metal lattice are influenced by the hydrogen concentration or the hydrogen equilibrium pressure.

From an experimental point of view, the measurement of the hydrogen solubility in dense

J = S(T)D(T)

= Pe(T)

metallic membranes is accomplished by using a Sieverts-type apparatus [9,10], while the
permeability can be assessed with a dedicated setup capable of measuring the hydrogen flux across
the metal wall at steady state conditions [5,6].

Regarding the techniques used to study the bulk-diffusivity, they are usually based either on
the measure of the distribution of the hydrogen concentration or on the measure of the hydrogen
flux in transient conditions. Most of the methods used to measure the diffusion coefficient are based
on electrochemical techniques [11-14]. The main advantages of electrochemical techniques are
related to their applicability even at low H concentrations (down to a few at-ppm) and to the
simplicity of equipment, while their drawbacks are mainly related to the limited temperature range
between the freezing and the boiling point of the electrolyte.

More recent techniques also relies on the use of light transmission to monitor the concentration
of hydrogen as a function of both the position and time [15-17]. Another route to assess the diffusion
coefficient is by performing permeation experiments. In this case, a pressure difference is set up
across the metallic membrane and the hydrogen flux through the membrane is measured. Of course,
steady state permeation experiments can only provide a value for the permeability while the
diffusion coefficient can be directly measured only by making use of measurements during transient
conditions. The propagation time, or ‘time-lag’, for the change in pressure on one side of the
specimen to reach the other side depends on the diffusion coefficient, but is independent of
solubility [11]. Therefore, from measurements of the time-lag, the diffusion coefficient can be
determined. A complementary form of the experiment is the ‘outgassing’ experiment in which gas is
removed rapidly from a chamber and the pressure rise due to the outgassing of the specimen is
measured.

In those kind of measurements, great care must be devoted in order to assure that no leakage is
present between the high and low pressure sides of the membrane. Experimentally, this is a very
difficult task as a proper metallic gasket should assure the sealing. All these techniques require
dedicated set-ups and non-trivial procedures [18]. Quite recently, a series of non-ideal behaviours
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were considered and reformulations of the Fick’s law were suggested and applied to experimental
data [19-21]. Moreover, some first principle calculations were performed in order to calculate the
diffusion coefficient in a large variety of metals [22]. Detailed microscopic models for the hydrogen
diffusion were proposed [23]. Also, the hydrogen diffusion coefficient of alloys used as electrodes of
Ni/MH batteries was reported [24].

Nowadays, many new materials are considered for replacing Pd—Ag because the latter alloy is
made up of strategic and expensive metals. In this view, membranes composed of less expensive
and/or strategic metals, like Ni, Nb, V, and Cu, are investigated [1,25,26]. Due to the experimental
difficulties in measuring the permeability and therefore the diffusion coefficient, a few values of D
are available, only for selected materials. However, a larger scale evaluation of the diffusion
coefficient of new materials would boost the search for alternative promising compounds.

Here, we propose a new procedure for evaluating the diffusion coefficient of hydrogen in metal
foils based on the combined use of absorption measurements and numerical analysis. In particular,
hydrogen absorption measurements were performed in a standard Sieverts apparatus, which can be
found in most laboratories working on hydrogen storage or permeation. According to a well-known
experimental procedure, the hydrogen solubility into the metal was calculated from the steady-state
values of the pressure in the gas phase [27]. The behavior of the pressure in the gas phase of the
Sieverts’ setup along time provides further information about the kinetics of the hydrogen diffusion
through the metal lattice. In this vein, this work was aimed at assessing the diffusion coefficient via a
numerical procedure based on the mass transfer mechanisms (Fick’s laws) and using the records of
the pressure in the gas phase of the Sieverts apparatus. Such a numerical procedure was then
integrated by a dimensional analysis. Once the numerical determination of the diffusion coefficients
was completed, the technique of dimensional analysis could be applied. The application of the
dimensional analysis to the problem of the diffusion of hydrogen in a Pd—Ag alloy allowed an
analytical solution to be defined. We defined a function, applicable to our experimental apparatus,
that allows calculation of the diffusion coefficient once the experimental parameters are known.
Although these procedures cannot give an accurate value of D, they are useful to perform an initial
screening of candidate materials proposed for hydrogen separation and storage.

2. Materials and Methods

All hydrogen absorption measurements were conducted on commercial Pd77Ag:s(subscripts
represent wt%) foil with a thickness of 25 pum. Four pieces of the membranes (with typical
dimensions of ~20 mm x 7 mm and a total mass of ~148 mg) were cut and used for collecting the data
of the kinetics of hydrogen absorption in a homemade Sieverts apparatus [9,10] working up to a
200 bar pressure and a 500 °C temperature. These membrane pieces were already used for
measuring the pressure-composition isotherms reported in [27]. The amount of hydrogen
exchanged between the gas atmosphere and the solid samples was measured by the pressure
variation in calibrated cylinders connected by Swagelok tubes to the reaction chamber, where the
sample was placed. The real gas state equation was used to calculate the exchanged hydrogen moles.
To perform these gas sorption measurements, hydrogen gas with a purity 299.9999% was used.

In order to measure fast kinetics (in some cases, the total absorption was is lower than 10 s), the
acquisition electronic system of the Sieverts apparatus was modified. Usually, it consists of a
Keithley 2700/7700 multiplexer voltmeter that reads the temperature of the five gas reservoirs, the
temperature of the sample holder, the output voltage of a gas transducer microbaratron MKS 870B
working between 0 and =200 bar, and the output voltage of a gas transducer microbaratron MKS
870B working between 0 and =7 bar. The overall time needed by the voltmeter and the acquisition
program written in Labview to collect all these data is about 0.4 s, which is too a long time for the
presently investigated kinetics. Therefore, for the present experiments, the temperature of the
reservoirs and of the sample holder was measured before the absorption process and only the output
voltage of a gas transducer microbaratron MKS 870B working between 0 and ~7 bar was collected as
a function of time every 20 ms by means of a National Instruments NI USB-6211A/D converter. Data
were stored and saved by a home-made Labview program. Absorption kinetics measurements were
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performed at selected temperatures between 150 and 400 °C and various pressures ranging between
0.05 and 1 bar. Before each single absorption experiment, the Pd—Ag sample was degassed pumping
by means of a Pfeiffer Vacuum turbo pump (p=10* mbar in the sample holder), until no more
hydrogen desorption from the sample could be detected by a combined Pirani-Penning vacuum
gauge. The amount of hydrogen absorbed in the sample measured by this new acquisition
procedure was identical to that previously reported in [27].

3. Results and Discussion

The activity started with the measurements of the hydrogen absorption kinetics in a Pd-Ag
sample under several pressure (p) and temperature (T) conditions (Table 1). During these
experiments, the variation of the hydrogen pressure in the vessel versus time was recorded and the
hydrogen content in the solid sample, which in the following will be indicated as (H/M), i.e., the
number of hydrogen atoms per atom of metal, was assessed [28]. Then, a numerical code was
developed to evaluate the lower limit of the hydrogen diffusion coefficient starting from the
information acquired during the absorption experiments. To solve the diffusion problem, the code
needs the hydrogen superficial concentration on the sample, which can be identified from the H/M
content. The output of the numerical code is a lower value of the hydrogen diffusion coefficient.
After this first step, the technique of dimensional analysis was applied, aiming at providing a quick
tool able to assess the diffusion coefficient from the direct measurement of the experimental
parameters. The dimensional analysis approach is generic, but its analytical solution is characteristic
for the experimental apparatus used in the absorption experiments.

Table 1. Conditions of the absorption kinetics measurements and relative calculated diffusion

coefficient.
Initial . . . ..
Name Pressure x 105 Sample Final Hydrogen Diffusion Coefficient
(Pa) Temperature (°C) Content(H/M) (m?2s1) x 10-10

Test 9 0.058 150 0.02308 0.979

Test 7 0.104 150 0.04863 0.02806
Test 10 0.104 200 0.03108 0.3763
Test 11 0.225 200 0.05084 0.1093
Test 12 0.110 250 0.02048 0.7703
Test 15 0.118 250 0.02116 0.9975
Test 14 0.243 250 0.03609 1.237

Test 13 0.364 250 0.04451 2.46

Test 16 0.102 300 0.01774 1.001

Test 17 0.368 300 0.03264 2.749

Test 18 0.661 300 0.04151 4.526

Test 19 0.936 300 0.05908 3.243

Test 20 0.107 350 0.01006 2.117

Test 22 0.100 350 0.04354 4917

Test 24 0.360 400 0.01726 2.575

Some examples of absorption curves are reported in Figure 1.
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Figure 1. Hydrogen absorption kinetic curves at selected temperatures and pressures. In particular,
the curves refer to the experimental condition reported in Table 1 as Test 11 (blue line), Test 13 (green
line), and Test 14 (red line).

3.1. Hydrogen Absorption Kinetics Measurements

The hydrogen absorption kinetics curves were measured between 150 and 400 °C with various
pressures ranging between 0.05 and 1 bar in a Pd—Ag sample with a volume (VC) and a mass (MC)
of 1.275 x 10® m? and 1.477 x 10 kg, respectively. The initial pressure and sample temperature, as
well as the final hydrogen content in the sample indicated as H/M, in each experiment are reported
in Table 1.

As reported in Figure 1, the acquisition of data starts at a constant pressure, which is the initial
value of p, pi, imposed in the reservoir. At a certain time, the valve connecting the gas reservoir with
the initially pumped sample holder is opened. Correspondingly, the pressure abruptly drops, due to
the change of volume of the gas. After about 0.3 s, the pressure smoothly decreases as the sample
starts to absorb hydrogen. For longer times, the pressure becomes constant and from the measure of
the total pressure (Apror), it is possible to assess the final hydrogen content in the solid sample
(H/M). In Figure 1, one can observe that increasing the temperature, starting from similar values of
p, the kinetics becomes faster as less time is needed to reach the steady state. However, it must be
noted that the pressure drop at lower T is higher, in agreement with the higher hydrogen content
measured at lower temperatures by the pressure-composition isotherms [27]. Moreover, considering
the curves measured at the sample temperature of 250 °C starting with different pressures, one can
note a faster kinetics at higher p. This behavior is the one expected for metal hydrides. In conclusion,
the hydrogen kinetics curves show the expected behavior. In the following, we will use these data to
evaluate quantitatively the diffusion coefficient of hydrogen into the Pd—Ag alloy, introducing an
innovative procedure.

3.2. Numerical Code to Evaluate the Lower Limit of the Hydrogen Diffusion Coefficient

A numerical code was developed to evaluate the hydrogen diffusion coefficient from the
hydrogen absorption experiments previously described. As shown in Figure 1, the experiments
measured the pressure (pexy) versus time in each test. With the volume of the Sieverts apparatus and
the geometry of the sample known, it is possible to assess also the H/M content versus time inside
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the sample and the corresponding hydrogen concentration on the sample surface. In fact, with VC
the hydrogen concentration inside the sample volume and assuming an homogenous distribution,
the corresponding surface concentration (SC) can be expressed by the relation, SC = VC?/3.

Starting from the knowledge of the hydrogen surface concentration calculated from the
experimental data and assuming an initial arbitrary value for the diffusion coefficient, the code
solves the hydrogen diffusion through metal in accordance with the general theory of transport
phenomena [29]. It provides, as the output, the hydrogen concentration profile inside the sample,
which is converted via hydrogen mass balances to a certain pressure value inside the experimental
vessel (pum). The calculus is repeated several times until the time experimentally required in the
hydrogen absorption process (fws) is reached. tas is defined as the highest time at which a pressure
drop is observed experimentally. Of course, in each iteration, the code considers a new value for the
hydrogen surface concentration in agreement with the one experimentally assessed.

To evaluate the goodness of the diffusion coefficient initially assumed, the model calculates the
root mean square error (RMSE) between the pressure experimentally measured (pap) with the ones
numerically obtained in the code (pum) in each repetition (i.e., at each time):

" 2
RMSE = Zi:l(pexp'i_pnum,i) ! (4)

m

With the measurable pressure drop values significant only in the first part (40%) of the entire
time required from the absorption process (tws), the comparison among pey and pmm is done
exclusively in the time interval between 0.3 s and 40% tas. Under this assumption, m, which is the
number of time intervals considered in the simulation, is equal to:

40% ¢ —-0.3
B ®
where At is set in order to provide a value m = 1000.

The entire simulation is repeated by considering a new diffusion coefficient able to reduce the
RMSE. Particularly, the diffusion coefficients accepted in this analysis are those able to provide an
RMSE in the range between the 21 and the 0.1% of the total pressure drop (Apror) measured in each
single experiment. Figure 2 provides the flow chart of the numerical code.

The code is based on the iteration of a few steps. For each time interval, At, the surface
concentration is derived by the experimental data at the time, t + Af, as previously described and
assumed to be uniform within the sample. This value is assigned to the time, t, and then the
diffusion problem is solved with the previous input to the time, t + At, thus obtaining a coefficient of
diffusion that realizes the imposed range error. It is worth noting that the code solves the diffusion
problem inside the sample autonomously, but uses the experimental data in every time step to
define the superficial concentration.
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Figure 2. Flow chart of the numerical code.

Figure 3 illustrates the relation between the RMSE and the diffusion coefficient values assessed
by the numerical code for test #7 (Table 1). The same kind of behavior is observed when the
numerical code is applied to all the other tests listed in Table 1.
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Figure 3. Relation between the root mean square error(RMSE) and the diffusion coefficient calculated
for test #7 (T =150 °C and p= 10,390 Pa).
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It was observed that starting with a low diffusion coefficient, the curve of the pressures
numerically assessed (pum) vs. time does not overlap with the experimental pressure (pex) values. As
the diffusion coefficient is increased in the code, the numerical and the experimental pressure curves
vs. time become closer and the RMSE linearly decreases.

An example of how the value of the diffusion coefficient affects the puun is reported in Figure 4

T T T T T T T T T T
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5000 |- -
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©
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g ®  Experimental data
» 4000 D=10°(m’s") -
g ®  D=10"m’s")
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3500 |- e
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“W‘
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0 4 8 12 16 20 24 28 32 36 40 44 48

time(s)

Figure 4. Behavior of the calculated pressure curves as a function of time; the various curves are
obtained with different values of the diffusion coefficient. The experimental data are also reported
(set 9 in Table 1).

However, above a certain value of the diffusion coefficient, the RMSE reduces less quickly.
From a physical point of view this means that when low diffusion coefficients are considered, the
limiting step in the overall absorption—diffusion process is the diffusion through the metal lattice,
while in the case of high diffusion coefficients, the limiting step becomes the hydrogen absorption on
the sample surface. The latter situation cannot be precisely simulated with the described numerical
procedure. For this reason, the diffusion coefficient assessed in each absorption test is the one
corresponding to the intersection of the two RMSE interpolation lines (see Figure 3). Particularly for
each experiment (i.e., hydrogen absorption at selected p and T), 11 evaluations of the diffusion
coefficient were performed by varying the RMSE. According to the consideration previously
explained, the final diffusion coefficients assessed with the code, and illustrated in Figure 5,
represent from a physical point of view the lower limit of the real diffusion coefficient. Figure 5
reports the behavior of the diffusion coefficient evaluated by the numerical code as a function of the
temperature of the specimen and of the initial pressure. It clearly shows that the calculated diffusion
coefficient increases as p or T increases, in agreement with experimental findings. Indeed, the
calculated values of the diffusion coefficients are reported in Table 1.
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Figure 5. Diffusion coefficient evaluated by the numerical code as a function of the temperature of
the specimen and of the initial pressure.

Measurements of hydrogen diffusion through Pd and its alloy are indeed extensively reported
in the literature [30]. Generally, these measurements are affected by the testing conditions, i.e., the
diffusion coefficient may depend on both the hydrogen and silver concentration as well as on the
working status of the material. In pure Pd, the diffusion coefficient is dependent on the hydrogen
concentration only in the Bphase, where higher hydrogen uploading into the metal lattice occurs
[31]. In Pd-Ag alloys, for small silver concentrations, the diffusion coefficient remains nearly
constant, while it reduces dramatically over 25% and achieves a minimum at 60% of silver [32-34].
Sakamoto et al. found that cold working decreases the hydrogen diffusivity and increases the
activation energy [35]. The results of this model are in the lower limit of the diffusion values
reported in the literature and then in agreement with the hypothesis at the basis of the numerical
procedure adopted. The dependence of the diffusion coefficient on the pressure (i.e., on the
hydrogen content) especially at lower temperatures is explained by the coexistence of the two phases
of ot and f3 as reported in a previous work [27].

3.3. Dimensional Analysis to Evaluate the Hydrogen Diffusion Coefficient

To improve the potentiality for deriving a lower estimate of the diffusion coefficient from
hydrogen absorption measurements, we exploited a method based on the dimensional analysis in
order to derive an expression of D from parameters of the sample, such as mass and volume,
applicable in our experimental apparatus also for specimens which could be measured in the future.
The dimensional analysis technique studies physical phenomena and in particular the dependence
of a certain quantity, in general dimensional and on dimensional governing parameters. This
relationship can be expressed as the dependence of a dimensionless quantity on the dimensionless
combinations of the governing parameters. The number of these dimensionless combinations is
equal to the difference between the total number of governing parameters and the number of
parameters with independent dimensions.

In particular, the application of the dimensional analysis to the problem of the diffusion of
hydrogen in the Pd-Ag alloy allowed an analytical solution of the calculation of the diffusion
coefficient to be defined.

In general, the time for the absorption of hydrogen by the alloy, PdzzAgzs, At, can be written as:
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At = At(AP,D, MC,VC) (6)

where AP is the pressure jump during the absorption process, D is the diffusion coefficient, and
MC and VC are the mass and volume of the specimen, respectively. The parameters, AP, D, MC,
and VC, are the governing parameters, i.e., the independent parameters. The parameters, AP, MC,
and VC, are assumed to be dimensionally independent, while the dimensions of Dand At can be
expressed as a function of the dimensions of the AP, MC, and VC governing parameters.

[A¢] = [AP]Z[MCI2[VC] 5 7)
D = [APE[MC] 3 [VCTe 8)

One can define two dimensionless parameters:

D

m=—r—
<_> )
MC
= Ll_
< Mc )7 (10)
AP*VC%

Using these quantities, we can rewrite Equation (6) in the form:

1 1
N2 5\2
_ At(aPpMCVC) _ [APVC3 AP-VC3 _
1= T —< e > At AP,l'[1< e > ,MC,VC| = F(AP,MC,VC,11,). 1)

mc_\?
1
AP-VC3

As the quantities, II, II;, are dimensionless, their numeric values do not change when changing
unit systems within the same class. On the contrary, it is possible to pass to a system of units of
measure in which any parameter, AP, MC, or VC, changes by an arbitrary factor while the other
two do not change. Therefore, the relation (10) can be represented by a function of an argument:

= &(I0,). (12)

This leads to the following functional form:

1

1
2 2
At(AP, D, MC,VC) =< me 1) M= ( me 1) ol —2—1 (13)
AP VC3 AP VC3 5
<APVC3>
MC

The use of the dimensional analysis allows the difficulty of determining the absorption time At,
to be reduced because one can decrease the number of governing parameters (in our case, 4:
AP,D,MC,VC) by the number of governing parameters with an independent dimension (in our case,
3: AP, MC e V (), leaving only one free parameter (in our case, D).

Since experimentally one measures the time, At, and one would like to obtain the diffusion

N

coefficient, one can define the inverse function:

1
2

1
2 1
D( Me 5> = o 1|At <M> . (14)
APVC3 mc

The above equation reveals that for a sample having a mass, MC, and a volume, VC, there is a
certain function (®~') among the diffusion coefficient (D), the time required by the absorption
process (At), and the pressure drop (AP) registered during the absorption experiment. In particular,
by using the experimental data illustrated in Section 3.1 and a logarithmic representation, the
function, @1, has a linear behaviour as shown in Figure 6 and its analytical solution is:
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Figure 6. Representation of the function, @', using the experimental data with a regression line.

It must be pointed out that the dimensional analysis approach illustrated here can be applied in
general for assessing the lower limit of the hydrogen diffusion coefficient starting from the
measurements of the hydrogen absorption versus time. However, the found analytical solution (i.e.,
Equation (15)) cannot be considered as universal, but characteristic for the specific Sieverts
apparatus used for the hydrogen absorption experiments. In fact, if the same experiments were done
in another set-up with a different vessel volume, the resulting AP vs. At curves would be different.

Figure 7 displays in a logarithmic scale the comparison between the diffusivity coefficients
assessed via the numerical code described in Section 3.2 with the analytical solution of the
dimensional analysis. One can note the very good agreement between the values of the hydrogen
diffusion coefficients assessed by the two procedures.

v ery — e
’ | ® Analytical solution
’.' | ® Numerical Code
L]
10—10 | ° I
- r z.
K H
£ H
Z
>
w
£ 10" b » 1
o g
L]
L
107 , ;
10’ 10° 10°
At [s]

Figure 7. Comparison between the results obtained with the numerical code and those of the
analytical solution of the dimensional analysis.
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4. Conclusions

In the present paper, we exploited the possibility of deriving a lower limit of the hydrogen
diffusion coefficient in solid membranes by means of a numerical analysis of the kinetics of the
hydrogen absorption curves. A numerical code was developed in order to solve the mass transfer
law (Fick’s law) in the solid and autonomously derive a lower limit of D.

Moreover, a dimensional analysis of the obtained values of the diffusion coefficient allowed
find analytical expression to be found to directly determine a value of D in other samples once the
absorption time of hydrogen and the relative pressure jump during the absorption process in those
other metals or alloys were experimentally measured by the same Sieverts apparatus used to collect
the data inputs for the numerical code.
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