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ARTICLE INFO ABSTRACT

Potential step chronoamperometry is often used to study the electrochemical unloading process and to determine
the diffusion coefficient D of an intercalating atom species in a host material, as it is seemingly easily applicable.
The present work emphasises the importance of ensuring a diffusion-controlled unloading process during the
potential step chronoamperometry measurement, if determination of the diffusion coefficient is targeted. As an

Dataset link: Data from "Applicability range of
Potential Step Chronoamperometry for the
Determination of the Diffusion Coefficients of
Hydrogen and Lithium in Host Materials"

(Original data) example, diffusion-controlled and non-diffusion-controlled hydrogen unloading series from palladium samples
and the resulting diffusion coefficients are presented, for comparison. A literature review summarising the

Keywords: diffusion coefficients of different intercalating species determined for several different systems by this method

Potential step chronoamperometry reveals a systematic error in the results. It turned out that insufficient diffusion control is a common issue in the

Potentiostatic current transient application of the chronoamperometry method. Based on this finding, it is suggested to verify measurements in

Diffusion coefficient the diffusion-controlled regime when chronoamperometry is applied. A suitable verification technique is

Electrochemical loading provided.

Hydrogen

1. Introduction the electrolyte is acidic or alkaline. For an arbitrary metal M in an

alkaline environment the reaction is as follows [4]:
The diffusion of intercalating species in host materials is scientifi-

cally and technologically important in different fields of applications. [MH]ags + OH" —~ Hy O + M + e @
For example, the diffusion of Li-ions in host materials is studied for Crank [5] or Jost [6] describe diffusion in a sphere or a plane sheet at
battery materials [1], that of hydrogen is studied in the context of uniform initial concentration cy and a constant surface concentration c;.
hydrogen storage applications [2] and hydrogen embrittlement [3]. The They give the relative concentration (c-cg)/(csco) at any given time t.
diffusion of these intercalating species is described by the diffusion co- The geometry is characterised by the diffusion length L. For a sphere, the
efficient Dy/y;. A relatively simple method for measuring the diffusion diffusion length L is equal to the radius of the sphere. For a plane sheet,
coefficient commonly mentioned is potential step chronoamperometry. that is in contact with the electrolyte on one side of the sample only, the
In this method, the sample is electrochemically loaded with the inter- diffusion length L is equal to the sample thickness. In the case of a plane
calating species. The potential is then varied in a single step to the sheet, which is in contact with the electrolyte on both sides, the diffusion
discharge potential, releasing the intercalating species from the sample. length is half of the sample thickness. Using Faraday’s law [7], the
Investigating the unloading process is preferred in comparison to the current resulting from diffusion in a plane sheet with the surface area A
loading process, as not all hydrogen or lithium is necessarily absorbed in is given by Equ. (2).
the sample during the loading process.

In the following, we focus on intercalating hydrogen in materials. P
There, the unloading process can be described by three steps (Fig. 1). I(t) = %-(cs —¢o)-L-A-F
First, the absorbed hydrogen atoms interstitially diffuse through the host (2)
material towards the interface with the electrolyte. In the next step, the _ 2FA(c; — ¢o)D i exp( _D(2n+ 1)27[2{)
absorbed hydrogen is adsorbed on the samples surface. In the third step, L = 412

the adsorbed hydrogen takes part in an electron transfer reaction before

leaving the sample surface. The reaction differs depending on whether To discuss Equ. (2) in general, the current and the time are nomalised
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Fig. 1. Schematic drawing of the hydrogen unloading process. The first step is
the diffusion of the hydrogen through the Pd. Then, the absorbed hydrogen gets
adsorbed on the samples surface. The adsorbed hydrogen takes part in the
electron transfer reaction.

according to Equ. (3) and (4) [5].
I

Tnormatised = m 3
tD
Lrormalised = L7 (4)

Fig. 2 shows the calculated current transient due to a potential step in
linear representation.

The diffusion coefficient can be obtained from potential step chro-
noamperometry either by a short-time approximation, using the period
of semi-infinite diffusion, or else by a long-time approximation. The
short-time approximation has been described for example in the theo-
retical paper by Montella [8]. This study focuses on the long-time
approximation. A concentration independent diffusion coefficient is
assumed. To determine the diffusion coefficient using the long-time
approximation, only the first term of the sum in Equ. (2) is used. Log-
arithmising gives the following equation:

_ 2
2FA(cs co)D) 7°D )

In(I) = ln( i - m{

Fig. 3 shows the semi-logarithmic representation of the current
transient described by Equ. (2). At longer times, when the current
transient is almost linear, it is described by Equ. (5). So when using only
the first term in Equ. (2) it is necessary to use the long-time approxi-
mation, and the current transient at shorter times cannot be evaluated.
To determine the diffusion coefficient, the slope m of the current tran-
sient in this period is determined and rearranged (Equ. 6). Equ. 6 is valid
for the diffusion in a plane sheet as well as in a sphere [9].

Inorm [1]
@
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Fig. 2. Calculated current transient of a potential step chronoamperometry
measurement of a sheet with thickness L. The current is calculated according to
Equ. (2). The current and time axes are normalised according to Equ. (3) and
(4). The current transient is shown in a linear representation.
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Fig. 3. Calculated current transient of a potential step chronoamperometry
measurement of a sheet with thickness L. The current is calculated according to
Equ. (2). The current and time axes are normalized according to Equ. (3) and
(4). It is a semi-logarithmic representation with a logarithmic current axis. At
longer times, the current transient is almost a linear function with slope m.

4
D:;

m|L? ©

Fig. 4(a) shows the normalized and double-logarithmic current
transient. It appears linear for shorter times. The derivative shown in
Fig. 4(b) is a constant value of ¢ = —0.5 during this period. This period is
associated with semi-infinite diffusion, during which the finite diffusion
length of the sample does not yet have an impact on the current transient
[10]. In Fig. 4(c) the derivative of the logarithmic current transient is
plotted on a linear time axis. There, the constant value of ¢ = —0.5 is
followed by a period with a constant slope a. Using the long-time
approximation, the derivative of the double-logarithmic representa-
tion is calculated by Equ (7).
dlog(I) dlog(l) dt Dr?

dlogty ~  dt dlogly ~ a2t -9t )

Rearranging the term for the slope a obtained by Equ. (7) for the
diffusion coefficient D yields Equ. (8).

L (3

This representation is described in detail by Montella [8]. The
double-logarithmic representation was used earlier by Shin and Pyun
[11] to investigate the diffusion of lithium into a Li;.5CoO; electrode.

In 2005, Lee and Pyun reviewed published results using potential
step chronoamperometry for determining the diffusion coefficient [10].
They distinguish 1) a process under diffusion-controlled constraint, 2) a
process under the constraint of hydrogen transfer from the absorbed
state to the adsorbed state and 3) a process under the constraint of
interfacial charge transfer. Lee and Pyun demonstrate that the process
control does not only depend on the electrode/electrolyte system itself,
but also on the applied potential step, the electrolyte resistance and the
samples surface. According to Lee and Pyun, for a suitbale determination
of the diffusion coefficient the process under investigation has to be in
the diffusion-controlled regime. For H in Pd, Lee and Pyun emphasize
that the process is scarcely controlled by diffusion. They report a sig-
nificant impact of traps as well as hydride phase formation on the cur-
rent transient.

Montella [8] modelled the influence of electron transfer kinetics and
ohmic drop effects by numerical calculations of the method. Ohmic drop
is the influence of the intrinsic resistance of the electrolyte on the po-
tential [7]. According to Montella, its influence cannot be separated
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Fig. 4. Normalized representations of the current transient due to a potential step calculated according to Equ. (2). (a) In the double-logarithmic plot the current
shows a linear behaviour with a slope of ¢ = —0.5 for small times. (b) Derivative of the current transient in the double-logarithmic plot in dependence of the time in
logarithmic representation. At small times the value of the derivative is ¢ = —0.5. (c) Derivative of the current transient in the double-logarithmic plot in dependence
of the time in linear representation. The period of the constant value ¢ = —0.5 is followed by a period with a constant slope a.

from the influence of electron transfer kinetics [7]. Montella’s paper
shows the appearance of current transients under mixed control.

In this paper, the applicability of the potential step chro-
noamperometry using the long-time approximation to determine the
diffusion coefficient D is further investigated. As an example, the
method is used to determine the diffusion coefficient of H in Pd. Samples
with thicknesses in different orders of magnitude are compared. To
determine the diffusion controlled regime in the measured data, the
result is compared to numerical calculations assuming a diffusion-
controlled process. A literature review extends the findings for H in Pd
to the more general case.

2. Experimental

Potential step chronoamerometry is performed on Pd sheets of 25, 55
and 250 pm thickness and on Pd thin films of 100 nm thickness. The Pd
sheets were purchased from HMW Hauner GmbH& Co. KG with a purity
of at least 99.5 %. The thin films are prepared on Aly03 (0001) substrates
purchased from CrysTec by ion beam sputtering in a UHV system with a
background pressure of about 10~® mbar with Pd targets with a purity of

at least 99.9 %. All experiments are performed at room temperature. The
loading cell geometry allows contact between the sample and the elec-
trolyte on one side of the sample only, so that the setup is suitable for
bulk samples as well as thin film samples on substrates. The sample is
loaded and unloaded with hydrogen in a three electrodes setup with the
sample as the working electrode and a platinum or palladium hydride
counter electrode (Fig. 5). The potentials are measured against a Hg/
HgO reference electrode. As electrolyte for the hydrogen loading and
unloading of palladium, 6 M KOH is used. As described in [12], the
electrolyte is bubbled with argon gas for 30 min to reduce its Oy content.
A VMP-3 (Bio-Logic SAS) potentiostat is used for the measurements of
the 25 and 55 pm thick samples, and for these samples only, the elec-
trolyte was not bubbled. A LPG 03 (Bank Elektronik) potentiostat is used
for the samples of 250 pm thickness and the thin films. The measurement
results are not expected to depend on the potentiostat.

Table 1 summarizes the parameters of the exemplary measurements
shown in Figs. 6-8. The H concentrations (initial and final) are given in
number of H-atoms per number of Pd atoms, H/Pd. They result from
integrating the current over time and using Faraday’s law. The other
measurements shown in Fig. 10 possess an initial hydrogen



M. Seiler et al.

Potentiostat

Hg/HgO- l
reference
electrode

Pd sample

o e

6M KOH

PdH

Fig. 5. Three electrodes setup with the Pd sample as working electrode, the
Hg/HgO reference electrode, a PdH counter electrode and the 6 M KOH elec-
trolyte. The sample is placed on a rubber ring of 9 mm diameter (black circle).
The part of the sample that is in contact with the electrolyte is its electrode area
used to calculate the current densities.

Table 1

Parameters of the exemplary measurements shown in Fig. 6, Fig. 7 and Fig. 8.
Sample Loading Unloading Initial H Final H
thickness potential potential concentration concentration
[um] [mVvs.Hg/  [mV vs. Hg/ [H/Pd] [H/Pd]

HgO] HgO]

0.1 —1050 —200 0.27 0.15
55 —1100 —200 0.003 0.02
250 —1050 —200 0.014 0.005

concentration of 0.003 to 0.02 H/Pd. They are measured with a poten-
tial step from —1050 or —1100 mV to —200 mV vs. Hg/HgO. Due to the
large potential steps and the corresponding large concentration steps the
diffusion coefficient might not be constant throughout the experiment.

3. Results

In the following, some aspects and discrepancies regarding the
determination of the diffusion coefficient will be addressed, originating
from the method and the data representation.

Fig. 6(a) shows an exemplary measurement for the unloading of a 55
um thick Pd sheet. To determine the diffusion coefficient D according to
Equ. (6), the semi-logarithmic plot of the current transient as a function
of time in Fig. 6(b) is used. If the slope m is determined in the period

marked in red in b), the resulting apparent diffusion coefficient is Dgfiapp

= 2.5.1078 cm?/s. This is more than one order of magnitude lower than
the literature value of Dﬁd = 3.3.10”7 em?/s [13]. The measurement
results are more clearly depicted by plotting the derivative of the
double-logarithmic dependency versus time (Fig. 6(c)). From this plot
the slope a is determined and inserted into Equ. (8) yielding Dﬁfiapp =
2.1.107 em?/s, in better agreement with the literature value.

By using the latter value of the diffusion coefficient, Equ. (2) can be
fitted to the measured current transient. This calculated current tran-
sient then shows the current transient of an idealy diffusion controlled
process. Hence, by fitting Equ. (2) to the measured data the diffusion-
controlled regime can be identified. In the first 20 s of the unloading
process, both the measured and the fitted transient show the constant
value of ¢ = —0.5. This value is associated with semi-infinite diffusion. In
total, measurement and calculation are in good agreement within about
the first 70 s. In this period, the slope m marked in yellow in Fig. 6(b) is
determined and inserted in Equ. (6) yielding foapp = 25107 cm?%/s.
This value is in good agreement with literature, too (see Table 2).
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At longer times, however, the measurement and the calculated
transient for a diffusion-controlled process according to Equ. (2) deviate
strongly. In summary, the measurement can be divided into 3 successive
periods:

(1) Semi-infinite diffusion: In the semi-logarithmic representation
the slope of the current transient declines. In the d log(j) / d log(t)
vs. t plot it gives a constant value of —0.5.

(2) Diffusion-controlled regime: Measurement and fit of the
declining transients are in good agreement according to Equ. (2).

(3) At longer times: The measurement deviates strongly from the
calculated diffusion-controlled current transient.

Similar findings are shown in Ref. [14] (Fig. 5) for Li insertion in
LiMnyO4 and in Ref. [15] (Fig. 7) for Li insertion in LaNig s5M-
ng 4Alp 3Cog 4Fe 35. Also, Ref. [16] (Fig. 3b) reported such a behaviour
for Li-ions in NbyOs nanoparticles for a slightly different method
applying multiple, smaller potential steps.

Fig. 7(a) shows the potential step chronoamperometry of a 100 nm
thick Pd thin film, Fig. 7(b) gives its values in semi-logarithmic repre-
sentation. Fig. 7(c) presents the calculation according to Equ. (2) only.
The diffusion coefficient used for the calculation is Df}d =2.1-107 cm?%/s,
being the same as in Fig. 6(c) for comparison. According to this, the
period of semi-infinite diffusion spans only a fraction of a millisecond.
The value then drops below d log (j) / d log (t) = —10 within the first
millisecond. The measurement (not shown here) reveals values between
dlog (j) / dlog (t) = —2 and d log (j) / d log () = O for the first 200 s. In
the semi-logarithmic representation of Fig. 7(b) the current transient
becomes a linear equation at long times. Hence, the period marked in
red seems suitable for determining the diffusion coefficient according to
Equ. (6) giving a value of Dﬂ‘fappz 1.7-10" 13 em?/s. This differs by about
6 orders of magnitude from the literature value for bulk Pd. The
hydrogen concentration of the sample is in the two-phase region of solid
solution and hydrite phase (Table 1). However, the current transient
does not show characteristic two-phase behaviour as described in [10].

Fig. 8(a) shows an exemplary potential step chronoamperometry
measurement for a 250 um thick sample, given in Fig. 8(b) in semi-
logarithmic representation of the current transient. The period that is
conventionally used to determine the diffusion coefficient according to
Equ. (6) is marked in yellow in b). Fig. 8(c) shows the derivative in the
double logarithmic plot against the linear time. In the calculation, the
diffusion coefficient Df;d = 3.1-107 cm?/s is fitted to the measured
curve. Here, the measurement is in good agreement with the calculation
throughout the experiment, with the exception of short times. The
period that is used to determine the diffusion coefficient according to
Equ. (8) is marked in yellow in (c). The resulting apparent diffusion
coefficient Dﬁ‘fapp =3.1-107 ecm?/s is in good agreement with the liter-
ature value (see Table 2).

Potential step chronoamperometry of 250 ym thick samples is con-
ducted with different unloading potentials from —400 to 0 mV. Within
this potential range, the current transient is unaffected by the potential.
Additionaly, the hydrogen concentration in the sample is increased by
setting a lower loading potential or longer loading times within the solid
solution regime. Even when the resulting unloading current changes by
more than one order of magnitude, the slope in the semilogarithmic plot
remains within the order of magnitude. Accordingly, the influence of
potential and concentration on the apparent diffusion coefficient is small
in comparison to the influence of sample thickness.

Fig. 9 summarizes the calculation of the derivatives of the current
transients in the double logarithmic plot resulting for different sample
thicknesses according to Equ. (2). Apparently, the period of constant
value ¢ = —0.5 that is associated with semi-infinite diffusion has a longer
duration for a thicker sample. Also, the slope a in the subsequent, still
diffusion-controlled period is less steep for a thicker sample. As
described in Figs. 6 and 7, the measured data is in good agreement with
the fitted curve only for the duration of the semi-infite diffusion, and a
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Fig. 6. Potentiostatic unloading of a 55 um thick Pd sheet. (a) Linear representation of the current transient. (b) Semi-logarithmic representation of the current
transient. The slopes m in the yellow and red period are used to determine the diffusion coefficient DY according to Equ. (6). The results are shown in Table 2. (c)
Derivative of the double-logarithmic representation as a function of time, analogue to Fig. 4(c). Fit of Equ. (2) to the measured data, to determine the diffusion
controlled regime. The experimental curve is smoothed for better readability. The fit according to Equ. (2) yields an apparent diffusion coefficient of Df{}app =21-107
cm?/s. The slope a of the measured data in the yellow period is used to determine the diffusion coefficient DR according to Equ. (8). The result is shown in Table 2.

subsequent period. For longer times, the measured data is not in good
agreement with the fitted curve.

4. Discussion

In the following, the discrepancies between the measured data and
the fitted curves for hydrogen in Pd are further discussed. The re-
strictions of the applicability of the potential step chronoamperometry
using long-time approximation are then identified in a more general
case.

The fitted current transients shown in Fig. 6(c), Fig. 7(c) and Fig. 8(c)
are calculated according to Equ. (2). As this equation is derived directly
from the diffusion equations, they represent current transients of ideal
diffusion controlled hydrogen unloading processes. Montella [8] calcu-
lated current transients associated with intercalation processes that are
under mixed control of diffusion, of charge transfer or of ohmic drop
influence. The slight deviations between calculation and measurement
at the beginning of the measurement in the period of semi-infinite
diffusion can be satisfactorily explained with regard to Montella’s
calculations.

As described above, the measured current transient of the 55 um
thick Pd sample is in good agreement with the calculation of the current
transient for a diffusion-controlled process within the first about 70 s.
Therefore, the hydrogen unloading process can be regarded as being
diffusion-controlled within this period of time. At longer times than 70 s,
the measured curve deviates strongly from the calculation. For this
sequence, the process is not diffusion-controlled any more. It is assumed
that it is controlled by another step in the process, for example by charge
transfer at the sample surface. This behaviour is even more pronounced
for the current transient of the 100 nm thin film sample. Its kinetics are
not diffusion-controlled at any period of the measurement. Throughout
the entire measurement period, it appears that surface processes control
the unloading process. Conversely, the current transient of the 250 ym
thick bulk sample is diffusion-controlled throughout the entire mea-
surement. This interpretation of the current transient is in accordance
with Ref. [16] for Li-ions in NbyOs. Here, the author used two separate
exponential functions both being diffusion and charge transfer
controlled as calculated by Montella [8] to model the current transient.

Our data reveal the necessessity of a diffusion-controlled process for
the determination of a reliable diffusion coefficient. This aspect was also
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Fig. 7. Potentiostatic unloading of a 100 nm thick Pd thin film. (a) Linear representation of the current transient. (b) Semi-logarithmic representation of the current
transient. The slope m in the red period is used to determine the diffusion coefficient D according to Equ. (6). The result is shown in Table 2. (c) Calculation of the
derivative of the double logarithmic representation as a function of time, analogue to Fig. 4(c), according to Equ. (2). A diffusion coefficient of DY = 2.1:107 cm?/s

is assumed for the calculation.

emphasized by Lee and Pyun [10]. This implies that the determination
of diffusion coefficients using the slope m marked in red in Fig. 6(b) and
Fig. 7(b) nessecarily leads to incorrect diffusion coefficients.

Interestingly, the value of the slope m that is used to determine the
diffusion coefficient according to Equ. (6) for long times (marked in red
in Fig. 6(b) and Fig. 7(b)) gives almost the same value regardless of the
sample thickness. On the contrary, the slope measured specifically in the
diffusion-controlled period has a significantly different value of m, see
Fig. 6. To explore this effect in depth, logarithmising Equ. (6) gives the
following equation:

4
log(D) = log(; |m\> + 2-log(L) ()]

If m is constant, this equation becomes a linear equation with con-
stant offset and a slope of s = 2 cm/s, in double logarithmic represen-
tation of the apparent diffusion coefficient D on the diffusion length L.
This implicit behaviour is confirmed empirically when a variety of
literature values is revisited: Fig. 10 shows the calculated diffusion co-
efficients published in different papers [11,[2],[9],[14-28] together
with the results from Table 2: In these papers, diffusion coefficients of
Li-ions as well as H in different host materials are reported. The sample
geometries were either spheres or sheets that were in contact with either

one or both sides with the electrolyte. Several different electrolytes were
used. Where several measurement points from a single paper are shown,
Table 3 briefly names the parameters under investigation. Where the
diffusion coefficients at room temperature are not given, we calculated
the corresponding values for room temperature. Fig. 10 also shows a
linear regression of all measurement points. The points are weighted so
that each source has the same weight. The slope of this balance line is 1.5
cm/s. This is slightly different from the calculated value of 2 cm/s, that
is also marked in Fig. 8 with a dotted line. This means that the slope m in
the time-sequences chosen in the literature was not perfectly constant,
but it was close to being a constant. Ref [16] is not on this balace line, as
during the calculation the different regimes were taken into account.
Hence, distinguishing between the different regimes is essential for
correct interpretation of the current transients, as it leads to significantly
different results.

The slope m is the output of the potential step chronoamperometry
measurement. However, apparently for a variety of different measure-
ments for different intercalating systems it is almost a constant, inde-
pendent of the experimental details (see Fig. 8). This unexpected
correlation reveals directly, that the determined diffusion coefficients
given in these publications might be not correct, because they were
possibly determined without taking the diffusion regimes into account.
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Fig. 8. Potentiostatic unloading of a 250 um thick Pd sample. (a) Linear representation of the current transient. (b) Semi-logarithmic representation of the current
transient. The slope m in the yellow period is used to determine the diffusion coefficient Dﬁd according to Equ. (6). The result is shown in Table 2. (c) Derivative of the
double-logarithmic representation as a function of time, analogue to Fig. 4(c). For the calculation a diffusion coefficient of Dﬁd = 3.1.107 cm?/s is assumed. The
slope a in the yellow period is used to determine the diffusion coefficient DR according to Equ. (8). The result is shown in Table 2.

Table 2

Determination of the apparent diffusion coefficient Dﬂ‘,iapp according to Equs. (6)
and (7) as from Fig. 6, Figs. 7 and 8. The apparent diffusion coefficient shows a
dependence on the sample thickness. This apparent effect is critically discussed
in the discussion section.

Sample Slope m in In(j) vs. t- Slope a in d log(j)/d log Df;fiapp [em?/

thickness L plot [1/s] to insert (t) vs. tplot [1/s] to s]

[um] into Equ. (6) insert into Equ. (8)

250 —0.0012 + 8107° 3.2.107 +
2.1078

250 —0.0012 + 3-107° 31107 +
6107°

55 —0.002 + 0.0001 2,510 +
1107

55 —0.021 + 0.013 25107 +
1107

55 —0.019 + 0.002 21107 +
3.10°%

0.1 —0.004 + 0.0008 17107 &
3.10714

As shown above, the given values are only correct if the slope is deter-
mined in the diffusion-controlled period of the measurements.
The present paper demonstrates that the unloading process is not

= -05}

d log(l) / d log(t)

|
=N
o

|
N
(&)
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—— 85 um
— 250 ym
0 200 400 600 800
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Fig. 9. Summary of the fits of the current transients in the double-logarithmic
plot against the linear time according to Equ. (2) for the different investigated
sample thicknesses. The same diffusion coefficient of DR = 3.1.107 cm?/s is
used for the calculation of the three current transients. The durations of con-
stant transient and the slopes in the subsequent period vary strongly for the
different sample thicknesses.
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Fig. 10. Literature review of the potential step chronoamperometry using the
long-time approximation. The references as well as an overview of their
experimental setups are listed in Table 3. The straight line is a linear regression
of all the measurement points. The dotted line is a line with slope s = 2. All
hydrogen diffusion coefficients are marked with a cross, all lithium diffusion
coefficients are marked with a circle.

necessarily diffusion controlled but different regimes can occur, even if
always the same materials system of Pd-H is studied. For very thin films,
for example, surface processes seem to dominate the kinetics of the
hydrogen unloading process. If this is not taken into account, the eval-
uations will lead to incorrect results. It is therefore necessary to ensure
that the potential step chronoamperometry in the long-time approxi-
mation is performed in the diffusion-controlled period.

The diffusion-controlled period in the experiment can be determined
by the following way. For a single film without phase transformation the

Electrochimica Acta 546 (2026) 147790

current transient of an ideally diffusion controlled process in a d log (I) /
dlog (t) vs. t plot has the characteristic shape shown in Fig. 4(c): At short
times, it has a constant value of ¢ = —0.5 and at long times, it has a
constant slope a. If it is possible to choose the diffusion lenght L so that
the current transient calculated according to Equ. (2) can be fitted to this
characteristic shape, a diffusion controlled process can be assumed. Lee
and Pyun [10] present more sophisticated models for the current tran-
sient, for example including a phase transition. Conceivably, fitting a
current transient to a more sophisticated model also proves diffusion
control.

For a better overview the slopes in the different contexts are sum-
marized in Table 4.

5. Conclusion

Determination of the diffusion coefficient of intercalating species by
potential step chronoamperometry using long-time approximation re-
quires explicit consideration of the diffusion regime. This is demon-
strated on the example of Pd-H samples of different thicknesses and by a
critical literature review. It is suggested that the unloading process is not
necessarily simply controlled by the interstitial diffusion in the host
material, but other rate-limiting steps can arise. Consequently, for a
reliable determination of the diffusion coefficient the diffusion-
controlled regime must be specified beforehand. This can be done by
fitting the measured transient with a diffusion-controlled transient, ac-
cording to Equ. (2). Therefore, the sample thickness must be chosen so
that the characteristic shape of the current transient for the diffusion in a
plane sheet is recognizable. If the diffusion-controlled regime can be
specified, the determination of the diffusion coefficient by chro-
noamperometry is reliable. If it is not possible to differentiate between
diffusion-controlled and non-diffusion-controlled period, other tech-
niques such as permeation measurements need to be applied to deter-
mine a reliable diffusion coefficient [30]. We suggest that literature
diffusion data measured by potential step chronoamperometry needs to
be critically revisited.

Table 3
References and their experimental setups used in Fig. 10.
Author (+4-et.al.), Diffusing Species in host Process and sample Electrolyte Variable
Year, citation material geometry
Quo09, [19] H in MgH, Unloading one side of 6 M KOH Sample thickness
the sample
Li95, [18] H in Pd Unloading one side of 6 M KOH Sample thickness
the sample
Quos, [17] Hin Mg Unloading one side of 6 M KOH -
the sample
Bao08, [20] H in Mg 4 6Ni Unloading one side of 1 M KOH Composition of the host material
the sample
Hos15, [1] Li in LiMn; y\Fe,PO4 Unloading of powder ethylene carbonate and diethyl carbonate 1:2 ~ Composition of the host material from
containing 1 M LiPF¢ x=0.75tox=1
Sho6, [14] Li-ions in LiMn,04 Loading one side of the ethylene carbonate and diethyl carbonate 1:1  Calcination temperature
sample containing 1 M LiPF6
Das05, [21] Li-ions in Loading one side of the ethylene carbonate and diethyl carbonate 1:2  Cycling
Lij 40Mn304 sample containing 1 M LiPF6
Do01, [22] Li-ions in LiMn,O4 Loading of a particle 1 M LiClO4 /propylene carbonate and Applied potentials
ethylene carbonate 1:1
Kalsg, [2] H in LaGaO3 Discharging of particles 7 M KOH -
Do03, [23] Li-ions in LiMn04 Loading of particles 1 M LiClO4 /propylene carbonate and Particle Diameter
ethylene carbonate 1:1
Cui99, [24] H in Mg;.9V.1Nig gAlp > Unloading of particles 6 M KOH Density of discharge
Zhe95, [9] H in LaNig »5Alg 75 Loading of particles 6 M KOH -
TIli06, [15] Hin Unloading of particles 7 M KOH -
LaNi3 55Mno 4Alo.3C00.4Fe0 35
Ch98, [25] H in Ni- and Zr-based alloys Unloading of particles 6 M KOH Composition of the host material
Kale, [26] H in LaGaO3 Discharging of particles 7 M KOH State of charge
Me92, [27] Hin Pd Unloading from both 0.1 M LiOH -
sides
Ni97, [28] H in Pd and Ni-based alloys Unloading of particles 1 M KOH Host material
Wen79, [29] Li in LiAl Unloading of the sample Molten LiCl-KCl -
This study Hin Pd Unloading of one side 6 M KOH thickness
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Table 4
Overview of the slopes used in the different contexts.

Name of Meaning and related equations
the slope
m Slope in the In(I) vs. t plot of Equ. (2) for long times. Used to
determine the diffusion coefficient with Equ. (6).
D= iz m|L? (6)
iz
c Slope in the double-logarithmic log(I) vs. log(t) plot of Equ. (2) for

short times. The slope ¢ = 0.5 becomes the constant value ¢ = 0.5 if
the derivative is plotted.
2FA(cs — €0)D o D(2n +1)*a?
- 2AG D e DC1LD
a Slope in the derivative of the double-logarithmic log(I) vs. log(t) plot
vs. linear time at long times. Used to determine the diffusion
coefficient with Equ. (8).

't> (2)

4
D=

s Slope in the double-logarithmic representation of Equ. (6) in a plot of
Dvs.L

tog(D) tog( 7

alL? (8)

+ o log(L) (9)
<~
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