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Analysis of phase transformation processes observed in hydrogen absorbing materials (pure metals, alloys, or compounds) is still
a matter of active research. Using pneumato-chemical impedance spectroscopy (PIS), it is now possible to analyze the mechanism
of hydriding reactions induced by the gas phase. Experimental impedance diagrams, measured on activated LaNi5 in single- and
two-phase domains, are reported in this paper. It is shown that their shape is mostly affected by the slope of the isotherm at the
measurement point. By considering the details of the multistep reaction paths involved in the hydriding reaction, model impedance
equations have been derived for single- and two-phase domains, and fitted to experimental impedance diagrams. The possibility
of separately measuring surface and phase transformation resistances, hydrogen diffusion coefficient, and hydrogen solubility in
each composition domain is discussed.
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1. INTRODUCTION

Analysis of phase transformation processes induced by hy-
drogen in metals is still a matter of active research. The chal-
lenges of identifying the growth mode of hydride phases
and measuring the microscopic rate parameters associated
with their formation are complicated by the presence of a
strong and irreducible hysteresis. In the literature, the hy-
driding kinetics of palladium and intermetallic powdered
electrodes have been more specifically investigated [1–3], in
both single-phase domains (SPDs) and two-phase domains
(TPDs). Many authors have used electrochemical harmonic
perturbations, arguing that in spite of hysteresis, these sys-
tems were linear [3, 4], although they are obviously not.
Surprisingly, they observed that impedance diagrams mea-
sured in TPDs, where hysteresis is large, were similar in shape
to those measured in SPDs where there is no hysteresis, al-
though different chemical processes are taking place. Prob-
ably because of this similitude, experimental impedance di-
agrams measured in TPDs are commonly and unduly fitted
using equations derived for SPDs [3]. It is therefore difficult

to determine, from such results, what is the growth mode of
hydride phases and what is the rate contribution of the phase
transformation process to the overall hydriding kinetics.

Investigating the electrochemical insertion of hydrogen
in palladium, Millet [5] observed the existence of reversible
thermodynamic paths in TPDs, in the potential domain
bracketed by the main absorption and desorption plateau
potentials. These results provided a first indication that most
experimental data reported in the literature on TPDs were
not characteristic of phase transformation processes. More
recently, impedance spectroscopy was extended to solid-gas
reactions [6]. Using this spectroscopy, Millet et al. were
able to measure pneumato-chemical impedance diagrams
in TPDs and to show [7] that even along the main pres-
sure plateau, impedance diagrams were similar in shape to
those measured in solid solution domains. Therefore, there
is still a need to clarify the role of the phase transformation
step in the overall hydriding kinetics. In this work, we re-
port on impedance diagrams measured at 298 K on LaNi5, in
SPDs and TPDs. Analytical impedance expressions based on
microscopic multistep reaction mechanisms are derived for
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Figure 1: Equivalent electric circuits used to model hydriding reactions: (a) in single-phase domains; (b) in two-phase domains.

each composition domain. It is shown that they both have the
same graph, although the physical meaning of microscopic
rate parameters is different.

2. EXPERIMENTAL SECTION

The volumetric experimental setup used to measure pneu-
mato-chemical impedances has been described in detail else-
where [6, 8]. Briefly, a stainless steel reference chamber (Ch1)
is connected to a thermostated reaction chamber (Ch2) in
which 2.9 g of LaNi5(Alfa Aesar GmbH, Karlsruhe, Ger-
many) are placed. The hydriding step Δ(H/M) is controlled
by transferring small amounts of hydrogen from Ch1 to Ch2.
Typically, 0.05 < Δ(H/M) < 0.15. During each gas trans-
fer experiment, transient pressures P1(t) and P2(t) are syn-
chronously sampled, providing raw kinetic data. The hydro-
gen mass flow dn/dt(t) entering the reaction chamber is ob-
tained from the law of ideal gases:

dn

dt
(t) = V1

RT

dP1

dt
. (1)

The basic principles of PIS analysis have been presented else-
where [6]. Experimental pneumato-chemical impedance di-
agrams Z

exp
2 (ω) are obtained using the theory of linear and

time-invariant systems [9]:

Z
exp
2 (ω) = P2(ω)

dn/dt(ω)
. (2)

ω denotes the pulsation in rad·s−1. P2(ω) and dn/dt(ω)
are the Fourier transform of P2(t) and dn/dt(t). Z2(ω) is
a pneumato-chemical impedance, by analogy with electro-
chemical systems.

3. MODELING

Model impedances Zmod
2 (ω) are obtained as follows. First,

Zsample (the impedance of the hydrogen absorbing sample)
is obtained by considering the reaction path associated with
the hydriding reaction:

(step 1-a) H2(g)Hsurface
2 ,

(step 1-b) Hsurface
2 2Hsurface

ad ,
(step 1-c) Hsurface

ad Hsub-surface
ab ,

(step 2) Hsub-surface
ab

diffusion Hbulk,
(step 3) Hbulk

phase transformation hydride.

Had denotes a surface ad atom, Hab denotes a hydrogen atom
absorbed in the metal subsurface and Hbulk denotes a hydro-
gen atom in bulk regions. In SPDs, the reaction sequence
ends at step 2. In TPDs, it is necessary to take into account
the phase transformation process (step 3). In the follow-
ings, the impedance associated with (step 1-a) is not con-
sidered because pure hydrogen is used in the experiments.
Also, steps 1-b and 1-c are considered as one single step
of surface chemisorption. The surface step and the phase
transformation step are modeled assuming a linear pressure
(concentration)—mass flow relationship (a frequency inde-
pendent surface resistance Rs and RPT). Analytical expres-
sions of Zmod

2 (ω) are derived in SPDs and TPDs by consider-
ing the electrical analogies of Figure 1 and by applying Kirch-
hoff ’s laws of electrical networks. A capacitance CCh2 is added
in parallel to Zsample to account for the volume of the reaction
chamber where H2 can accumulate.

3.1. Single-phase domains

The impedance associated with the diffusion step is obtained
by solving Fick’s laws of diffusion in spherical coordinates
[10]:

Z
SP,sphere
D (ω) = r

DH

∂PH2

∂CH

th(u)
u− th(u)

= R
SP,sphere
D

th(u)
u− th(u)

= R
SP,sphere
D

1
u coth(u)− 1

,

(3)

where u =
√
jωr2/DH . The expression of R

SP,sphere
D is adapted

here to solid-gas reactions:

R
SP,sphere
D = (r/DH)(∂PH2 /∂CH) in Pa/(mole·s−1·cm−2);

∂PH2 /∂CH is the slope of the isotherm at the measurement
point; r is the mean particle radius in cm and DH in cm2·s−1

is the hydrogen diffusion coefficient. ω is the pulsation in
rad·s−1. The low frequency limit of (3) is

Z
SP,sphere
D (ω) ≈ R

SP,sphere
D

5
− j

3DHR
SP,sphere
D

ωr2
= Rin − j

1
ωCin

.

(4)
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In Nyquist coordinates, (4) is the equation of a com-
plex and semi-infinite line of constant real value, paral-
lel to the imaginary axis. Rin is the insertion resistance in
Pa·mol−1·s·cm2 (real part of the low frequency limit of
the diffusion impedance). Cin is the insertion capacitance of
the sample expressed per unit area of solid-gas interface in
mol·Pa−1·cm−2.

In SPDs, the total pneumato-chemical impedance
Z SP,mod

2 (ω) of the reaction chamber Ch2 is finally

ZSP,mod
2 (ω) =

(
1

jC2ω +
(
1/
(
Rs + Z

SP,sphere
D

))
)
. (5)

3.2. Two-phase domains

In TPDs, the diffusion impedance is different from the one
in SPDs because boundary conditions are different and it is
necessary to take into account the phase transformation (PT)
process. Assuming that the hydriding reaction of LaNi5 pro-
ceeds, as for palladium [5], according to a moving boundary
mechanism (MBM), hydrogen diffusion takes place in the
surface growing hydride layer and the step of hydride pre-
cipitation takes places at the α-β interphase interface (step
3). In the gas transfer experiments presented here, the hy-
driding step Δ(H/M) is small: the position ξ(t) of the α-β in-
terphase plan measured from the surface can be considered
as time-invariant and CH(ξ) is a point of constant concentra-
tion. Then, the expression derived by Wang [11] for spherical
particles applies and

Z
TP,sphere
D (ω) = R

TP,sphere
D

th(εu)
u− th(εu)

, (6)

where R
TP,sphere
D = R

SP,sphere
D = (r/DH)(∂PH2 /∂CH) in

Pa/(mole·s−1·cm−2); ε = �1 − (1− Xβ)1/3�; Xβ = Vβ/(Vα +
Vβ); Vα and Vβ denotes the volume of the α phase and β
phase in two-phase domains. The low frequency limit of (6)
is on the real axis:

Z
TP,sphere
D (ω) ≈ R

TP,sphere
D

ε

1− ε
. (7)

When ε is close to unity (a situation found in SPDs),

Z
TP,sphere
D (ω) is so large that a capacitive behavior is observed

at low frequencies. When 0 < ε < 1 (a situation found in

TPDs), the value Z
TP,sphere
D (ω) is directly related to the value

of ε.
Next to Z

TP,sphere
D (ω) is the phase transformation impe-

dance ZPT(ω), which has a resistance component RPT (to ac-
count for the kinetics of the chemical phase transformation
taking place at ξ) and a capacitance component Chyd (to ac-
count for the increased hydrogen solubility due to the for-
mation of the hydride phase) (Figure 1(b)). Since all these
reactions steps are connected in series, it follows that

ZPT(ω) = RPT − j
1

ωCPT
, (8)

ZTP
sample(ω) = Rs + Z

TP,sphere
D + RPT − j

1
ωCHyd

. (9)
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Figure 2: Partial isotherm measured on LaNi5 at 298 K. Insert: ex-
perimental pneumato-chemical impedances measured during ab-
sorption as a function of H/M.

In TPDs, the total pneumato-chemical impedance
ZTP,mod

2 (ω) of the reaction chamber Ch2 is finally

ZTP,mod
2 (ω)

=
(

1
(
jC2ω +

(
1/
(
Rs + Z

TP,sphere
D + RPT − j

(
1/CHydω

)))
)
.

(10)

When the phase transformation process is fast (this is
the case for a fully activated sample), RPT is small. Although

Z
TP,sphere
D (ω) is purely real at low frequencies (see (7), the ca-

pacitance Chyd connected in series is such that (10) is simi-
lar to (5), and both equations have similar graphs although
the two models are based on different reaction paths. When
the phase transformation process is slow, RPT is high and

Z
TP,sphere
D (ω) becomes analogue to Z

TP,sphere
D (ω). Equations

(10) and (5) also have the same graph. The value of RPT can
be obtained from (9) by substracting Rs (measured in SPDs)
to the experimental HF resistance measured in TFDs.

4. RESULTS AND DISCUSSION

A partial pressure-composition isotherm, measured at 298 K
on a fully activated LaNi5 sample, is plotted in Figure 2 (the
maximum composition at 298 K, not represented here, is
H/M ≈ 5.8). The powdered bed is made of particles of ho-
mogeneous size and the total solid-gas interface is assumed
to remain constant (with a mean particle radius ≈ 5 μm and
2.9 g of sample, S ≈ 2100 cm2). At low hydrogen content, a
single-phase solid solution of hydrogen (α-LaNi5) is formed.
As the hydrogen content increases, a substoechiometric hy-
dride phase (LaNi5H6−x or β-LaNi5 phase) begins to form
and a two-phase domain with a pressure plateau develops.
Each data point of Figure 2 corresponds to one gas transfer
experiment. Impedance diagrams measured as a function of
H/M along the absorption branch of the isotherm are plotted
in the insert of Figure 2. They are mostly capacitive in shape
in SPDs, but a characteristic semicircle appears in TPDs in
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Table 1: Microscopic rate parameters obtained by fitting (5) and (10) to the experimental impedances of Figure 3. r = 5 μm.

Curves (a) and (c) Curve (b)

fit (5) fit (10) fit (5) fit (10)

HF resistance (Pa·mol−1·s) (4.3± 0.2) × 109 (4.8± 0.2) × 109 (16.0± 0.8) × 109 (16.0± 0.8) × 109

DH (cm2·s−1) (5.2± 0.3) × 10−10 (6.3± 0.3) × 10−10 (12.5± 0.6) × 10−10 (6.9± 0.3) × 10−10

LF capacitance (mol·Pa−1) (1.2± 0.1) × 10−8 (1.3± 0.1) × 10−8 (10.9± 0.5) × 10−8 (9.9± 0.5) × 10−8

high-frequency (HF) regions, as reported in [7]. It is not pos-
sible within the format of this research letter to produce a full
account of these results but the kind of information which
can be obtained from such impedance diagrams, in SPDs
and TPDs, is more specifically analyzed. In particular, the
possibility of measuring the rate contribution of the phase
transformation process on the overall hydriding kinetics is
discussed.

The impedance diagram measured in the TPD just before
reversing the absorption scan (point (b), Figure 2) is plotted
in Figure 3 (curve (b)) in Nyquist coordinates. The charac-
teristic HF semicircle is the signature of the parallel connec-
tion of the capacitance CCh2 (in mol·Pa−1) associated with
the dead volume of the reaction chamber, and a pneumato-
chemical resistance in Pa·mol−1·s. This resistance is the sum
of Rs and RPT (steps 1-b, 1-c, and 3). When the scan is re-
versed, the impedance diagram (curve (c) in Figure 3, cor-
responding to datapoint c in Figure 2) is mostly capacitive
in shape, and identical to the one measured symmetrically
in the SPD (curve (a) in Figure 3 corresponds to datapoint
a in Figure 2). Their frequency contributions are less well-
separated than for point (b), for the reasons analyzed else-
where [8]. Although point (c) is located in the two-phase
domain (between the absorption and desorption pressure
plateaus), this is also a domain where reversible processes are
taking place (only hydrogen transport by diffusion and sur-
face desorption), just like for point (a). Because of hystere-
sis, the desorption process is not fuelled by the phase trans-
formation (dissolution of the hydride) but by hydrogen re-
versibly stored in the sample.

Using an automated least-square fitting procedure, the
three experimental impedance diagrams of Figure 3 were fit-
ted using model (5) and (10). Results are compiled in Table 1.
Concerning HF resistances, values measured from curves (a)
and (c) can be fully attributed to the surface resistance Rs. For
curve (b), the HF resistance is the sum Rs+ RPT. Therefore,
RPT values in TPDs cannot be directly measured from the ex-
perimental impedance diagram but estimated by substract-
ing Rs contributions (measured in SPDs) to the HF resis-
tance. From the data of Table 1, RPT ≈ 1 × 1010 Pa·mol−1·s,
larger than Rs by a factor of two. Concerning LF capacitances,
values measured for points (a) and (c) are related to the hy-
drogen solubility and the formation of interstitial solid so-
lutions. In TFDs (point (b)), a larger capacitance associated
with the phase transformation processes is measured.

5. CONCLUSIONS

Using pneumato-chemical impedance spectroscopy, experi-
mental impedance diagrams have been measured in single-
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Figure 3: Nyquist plots of the experimental impedances associ-
ated with datapoints (a, �), (b,•), and (c, o) in Figure 2. Model
impedances (—) using (5) and (10).

and two-phase domains during the hydriding reaction of
LaNi5. A strong correlation is observed between the shape
of the experimental impedance diagrams and the slope of
the isotherms at the measurement point. Analytical model
impedance equations have been derived to account for
the hydriding reaction in single- and two-phase domains.
Whereas the two model equations have the same graph, the
meaning of the microscopic rate parameters is different, of-
fering the possibility of measuring the rate contribution of
the phase transformation process. Values of microscopic rate
parameters measured as a function of the hydrogen compo-
sition during activation of LaNi5 and along hysteresis loops
will be reported in a subsequent communication.
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