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Electrochemical kinetics of hydrogen intercalation in gadolinium
switchable mirrors

M. Di Vece,a) I. Swart, and J. J. Kelly
Debye Institute, Physics and Chemistry of Condensed Matter, Utrecht University, P.O. Box 80 000,
3508 TA Utrecht, The Netherlands

~Received 3 March 2003; accepted 18 July 2003!

Potential-step experiments on gadolinium thin-film electrodes provide current and optical
transmission transients, whose time constants are related to effective hydrogen diffusion coefficients
according to a standard diffusion model. The diffusion coefficients and switching kinetics depend on
temperature, hydrogen concentration, potential, and film thickness. A thickness dependence of the
kinetics is observed in which the diffusion coefficient and optical switching time are linearly
dependent. ©2003 American Institute of Physics.@DOI: 10.1063/1.1606863#

I. INTRODUCTION

Electrochromic material research was extended in 1996
to a class of smart optical materials: the metal hydride swit-
chable mirror.1 The switchable mirrors consisted of thin yt-
trium and rare-earth metal films, that showed a reversible
optical change on going from the dihydride to the trihydride
state. However, the films were yellow in transmission, which
led to a search for color-neutral switchable mirrors. Color
neutrality was achieved by alloying the rare earths with
magnesium.2,3 More recent research showed that thin films
containing magnesium alloyed with other metals also exhibit
an optical transition upon hydrogen intercalation.4,5 A solid-
state device based on the gadolinium magnesium alloy has
been shown to switch with speeds in the minute range.6

The switching time, which is technologically very im-
portant, is typically of the order of seconds in gas-phase
experiments.1,7 Van der Molenet al.7 determined mobility
coefficients from lateral hydrogen diffusion underneath the
oxide layer of an yttrium thin film by optical inspection. The
lateral mobility coefficients were compared to switching
times in thickness-dependent experiments on yttrium matrix
samples. The interpretation of these results was complicated
by the fact that the morphology of the film depends on the
film thickness. A difference between the layer structure nor-
mal and parallel to the sample surface therefore raises the
question as to how the switching time and the diffusion co-
efficient normal to the sample surface are related.

Experiments on the rare-earth switchable mirrors are
usually performed with a cap layer of palladium which acts
as a catalyst for hydrogenation and protects the film from
oxidation. Hydrogen can be introduced from the gas phase,1

chemically with NaBH4,8 and electrochemically9 according
to the reactions10

H2O1e2→Had1OH2, ~1a!

MHx1Had→MHx11 . ~1b!

Electrochemical loading has the advantage that the concen-
tration of hydrogen in the film can be controlled accurately.
The adsorbed hydrogen diffuses into the material; the
hydrogen/metal atomic ratio in the film,x, is proportional to
the charge transferred in reaction~1a!.11

In the present work electrochemical potential-step ex-
periments provide information about the kinetics of the
switching process. The transmission and current were studied
as a function of time after a potential step. It is shown that
both transients are directly related to hydrogen diffusion,
normal to the sample surface. These kinetic experiments,
performed as a function of temperature, hydrogen concentra-
tion, film thickness, and applied potential, provide insight
into the nature of optical switching.

II. EXPERIMENT

The active layers were 57, 100, 200, 300, and 400 nm
thick, polycrystalline gadolinium films top-coated with a thin
palladium layer~nominal thickness 10 nm!, deposited on an
indium–tin–oxide~ITO! coated glass substrate. The active
film covered only part of the ITO surface to allow a back
contact to the film via the ITO.12 To ensure good adhesion of
the gadolinium, a 0.5 nm thick magnesium layer was evapo-
rated onto the ITO. The layers were deposited by evaporation
at 1027 mbar base pressure. A platinum lead was fixed with
silver glue~2400 Circuit Works Conductive Epoxy, Agar Sci-
entific! on the free ITO, and both the lead and the ITO were
protected from the solution by Apiezon wax. The active sur-
face area was 1.2 cm2.

A two-compartment electrochemical glass cell was used
for the measurements. The working electrode was positioned
together with a Hg/HgO reference electrode in one compart-
ment and a platinum counter electrode was placed in the
other compartment. All potentials are given with respect to
Hg/HgO. Argon gas was bubbled through both chambers.
The glass cell had windows on both sides through which we
could illuminate the sample and measure transmission with a
diode laser~Vector, 670 nm! and a standard photodiode. All
electrochemical experiments were performed in a 1 M KOH
solution at room temperature, unless otherwise stated. A
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potentiostat/galvanostat@EG&G Princeton Applied Research
~PAR 273A!# was computer controlled by in-house programs
~LabView!.

III. RESULTS AND DISCUSSION

The gadolinium samples were first galvanostatically
‘‘loaded’’ to the trihydride state. Unloading of the sample to
a metal/hydrogen ratio close to two is possible at positive
potential. The current and transmission transients were re-
corded simultaneously after a step from 0.2 V to a negative
potential. At 0.2 V the sample is in the unloaded state
(GdH1.8). In Fig. 1 typical transients in the long-time domain
are shown. In the first seconds a fast decay of the current is
clear. The slight initial decrease of the transmission is caused
by an optical window9,11 at aroundx52, which is the start-
ing point for the transients. Van Goghet al.13 explain this
feature by a screening of the plasma energy and a low inter-
band absorption coefficient, leading to lower absorption. A
much slower decay in the current transient is accompanied
by the main optical change, as can be seen from the trans-
mission in Fig. 1. The transmission increases until the hydro-
gen concentration is uniformly distributed within the film
and the electrochemical potential corresponds to the applied
potential. The current reaches a low steady-state value which
corresponds to the hydrogen evolution reaction. The current
transients can be fitted with a double exponential function,
using five parameters; pre-exponential termsA1 and A2 ,
time constantst1 andt2 and I 0 , the steady-state current

I ~ t !5I 01A1 expF2
t

t1
G1A2 expF2

t

t2
G . ~2!

This exponential current decay suggests an analogy with
results obtained previously by Wenet al.14 In this study
lithium was intercalated in a lithium–aluminum alloy as a
charge-storage material. A relation between the fit parameters
for the current decay and a diffusion coefficient was derived
with a simple model. The system is considered to consist of
two parallel plates; one side~the substrate! is not permeable
to the intercalating species while the concentration at the
other side~the film/solution interface! is constant. Before the
potential step, the lithium concentration in the film is uni-

form and constant. Solving Fick’s diffusion equations15 and
taking first order terms, Wenet al.14 have shown that the
time dependence of the current is given by

I ~ t !5FSDCF D

pt G
1/2

t, l2/D, ~3a!

I ~ t !5
2FSDDC

L
•expF2Dp2t

4L2 G t. l2/D, ~3b!

whereD is the diffusion coefficient,L the film thickness,F
the Faraday constant,S the active surface area, andDC the
difference between the concentration before and after the po-
tential step. The exponential decay of the current found for
t.L2/D, corresponds to the time at which the intercalating
species has reached the impermeable side of the film. This
model enables us to relate the decay times from our results to
a hydrogen diffusion coefficient.

The double-exponential decay can be explained by the
two structural phases involved in the reversible dihydride to
trihydride transition. In the hydrogen concentration rangex
51.8– 2.3 theb phase exists.16 From x52.3 to x52.9 ab
andg phase coexist~miscibility gap!. Forx.2.9 the singleg
phase remains.16 The dihydrideb-phase has an fcc structure,
while the trihydrideg phase has a hcp structure.17 During
switching the hydrogen concentration passes through the
range corresponding to theb phase and thebg coexistence
range in which the diffusion coefficients are expected to be
different. The concentration range corresponding to theb
phase fills up first; theb–g transition is subsequently com-
pleted to give a singleg phase. The total charge of the fast
exponential decay is typically 37% of the total deloading
charge. Comparing this result with theb phase concentration
range of about 40% in the phase diagram of the gadolinium
hydride, we therefore conclude that the fast decay very likely
corresponds to the concentration range of theb phase with a
higher diffusion coefficient. The slow decay is then related to
the b to g transformation in thebg coexistence range.

Each phase should show both the square root and an
exponential dependence of the current on time. With two
phases there are consequently four time domains. The former
includes a square root and exponential current decay. This
fast square root current decay corresponds to time domains,
which are not detectable with the current setup. The fast
exponential decay overlaps with the ‘‘square root decay’’ of
the slow process, and is probably masked by it; this compli-
cates the interpretation of the first current decay process.
Therefore the analysis in this article will be focused mainly
on the exponential current decay of the slow process, which
determines optical switching.

On the basis of the experimentally determined diffusion
coefficients, we can conclude that the conditiont.L2/D is
not valid for the entire time range of the transient. However,
Montella18 has shown that fort>0.23•L2/D the error made
will be <1%.

The diffusion coefficients for the slow process can be
obtained from the fit of Fig. 1; the values range from 10212

to 10210cm2 s21 depending on film temperature, concentra-
tion, potential, and thickness. The corresponding value for
the fast process is 1 order of magnitude larger. Hydrogen

FIG. 1. Transient of the current~solid line! with fit ~dashed-dotted line! and
the transmission~dashed line! of a gadolinium thin film after a potential step
from 0.2 to20.95 V.
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diffusion coefficients have not been reported for theb andg
phases of gadolinium hydride. The values for the related ma-
terial yttrium, also measured on a switchable mirror, are of
the same order of magnitude. From the yttrium hydride dif-
fusion coefficient parameters provided by Majeret al.19 from
powder nuclear magnetic resonance~NMR! experiments in
the b phase we calculate a diffusion coefficient of
10211cm2 s21 which is close to our values for the gado-
linium thin film.

A. Temperature dependence

In Fig. 2, the logarithm of the diffusion coefficient for
the slow process, derived from the exponent@Eq. ~4!#, is
shown as a function of the reciprocal temperature. The
straight line clearly indicates an Arrhenius dependence. The
diffusion coefficient for the slow process ranges from 4.5
310212 to 2.0310211cm2 s21 in a temperature interval
from 25 to 65 °C; the corresponding activation energy is 0.32
eV. The fast decay gives a activation energy of approxi-
mately 0.29 eV. Our values are similar to those reported for
yttrium thin films; these gas-phase experiments on films,
loaded by lateral hydrogen transport, provide an activation
energy of 0.37 eV for thebg transition.20

Assuming free diffusion through the entire film, a certain
minimum charge must be passed~e.g., a % of the charge
needed to fully load the sample! before the film becomes
transparent. It can be shown that the expected switching time
tD is related to the diffusion coefficient according to

tD}
L2

D
. ~4!

We define the measured switching timets as the maximum of
the derivative of the transmission with respect to time. The
relation betweentD and ts is an unknown function but as-
sumed to be independent of external parameters. Therefore
ts5htD , in which h is a constant. In Fig. 2 the reciprocal
switching time is plotted as a function of the reciprocal tem-
perature. From the slope we calculate an activation energy of
0.29 eV. The markedly good agreement between the activa-
tion energies independently determined from the current and

transmission transients and the good agreement of the acti-
vation energies with literature values for hydrogen diffusion
in yttrium thin films, is strong evidence for diffusion-limited
kinetics.

B. Concentration dependence

In practical systems the effective diffusion coefficient
can in principle depend on the concentration of the diffusing
species.15 After a large potential step this concentration may
change considerably. Crank and Park21 have shown that a
concentration dependent diffusion coefficient can be ob-
tained by averaging over the concentration range; this ap-
proach is independent of the nature of the concentration de-
pendence. If in our case the diffusion coefficient depends on
the hydrogen content of the film, then this should be clear in
experiments in which the film is first preloaded~abovex
52) before the potential step experiment is performed. Par-
tial loading of the sample prior to the potential step will
provide a diffusion coefficient which is averaged over a
shorter concentration range, thus corresponding to higher
concentrations. Current transients measured after addition of
a fraction of the possible loadable hydrogen concentration,
are shown in Fig. 3. The first exponential decay clearly dis-
appears. After introduction ofDx>0.2 the transient can be
fitted with a single exponential function. Subsequent addition
of hydrogen before the potential step leads to a further de-
crease of the current density in the transients. The corre-
sponding diffusion coefficients for the slow decay are shown
in Fig. 4. The diffusion coefficient increases from 3.2
310212 to 6.9310212cm2 s21 with increasing hydrogen
concentration. Since this concentration-dependent diffusion
coefficient is determined by the average diffusion coefficient,
taken over a decreasing concentration domain, we can con-
clude that the diffusion coefficient must be increasing with
increasing hydrogen content. The diffusion coefficient usu-
ally decreases at higher concentrations of the diffusing spe-
cies due to blocking.22 However, a change in electronic
structure at higher hydrogen concentrations, as is apparent
from the optical change, could give rise to a lower diffusion
barrier.23 The optical switching time also decreases after in-
troduction of hydrogen in the film before the potential step,

FIG. 2. Arrhenius plots of the diffusion coefficient and the reciprocal
switching time for the slow process in a 200 nm film determined from the
exponent in the exponential current decay fit.

FIG. 3. Current transients measured after addition to a 100 nm film of
different amounts of hydrogenDx. Dx is indicated in the inset.
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as shown in Fig. 4. A linear dependence of the reciprocal
switching time on added charge is apparent for the first four
points. AfterDx50.8 the switching time could not be estab-
lished accurately, since the transparency is almost complete
before the potential step is applied.

C. Potential dependence

In Fig. 5 the effective diffusion coefficient related to the
slow process is plotted as a function of the applied potential
of the potential-step experiments. The diffusion coefficient
increases from 1.4310211 to 1.3310210cm2 s21 in the po-
tential range from20.91 to 21.2 V. The switching time
decreases from a 100 to 10 s with decreasing potential. The
reciprocal switching time as shown in Fig. 5 is also clearly
linearly dependent on the potential. The linear dependence of
both the reciprocal switching time and the diffusion coeffi-
cient on the potential are an indication that the switching is
determined by diffusion.

The potential at the sample corresponds, via the Nernst
equation, to an equivalent hydrogen pressurepH2

24

pH2
5expF2~Ee10.926!

nF

RTG . ~5!

Here,F is the Faraday constant,R the universal gas constant,
T the temperature, andn the number of electrons involved in
the hydrogen evolution reaction (n52). The hydrogen pres-
sure is expressed in bar. Equation~5! is only valid for equi-
librium. During a potential step experiment an overpotential
component will influence this direct relation between the po-
tential and pressure. A dependence of the switching time on
the hydrogen pressure in epitaxial yttrium thin films has been
reported by Remhofet al.25 in gas phase experiments. As-
suming that the production of adsorbed hydrogen according
to Eq. 1~a! is not limited by the applied potential, it is there-
fore likely that the electrochemically applied equivalent hy-
drogen pressure also influences the effective hydrogen diffu-
sion coefficient. From the isotherm of gadolinium26 we know
that the pressure and concentration are directly related. It is
therefore also possible that the potential dependence is indi-
rectly a concentration dependence.

D. Thickness dependence

In Fig. 6 the diffusion coefficient is shown as a function
of film thickness for two potentials. For the potential step to
21.0 V the diffusion coefficient increases from 3.2310212

to 2.1310211cm2 s21 as the thickness is increased from 57
to 400 nm. The diffusion coefficient for the potential step to
21.1 V is higher, as expected from the potential-dependent
measurements, but shows the same trend with increasing
thickness. It is known that for thin metal films hydrogen
diffusion coefficients can depend on the film thickness.27 The
upward trend in our results is in agreement with the increase
of the mobility coefficient for lateral hydrogen diffusion with
increasing thickness as reported for yttrium films by Van der
Molen et al.7 In the same study the morphology was shown
to depend on the film thickness. This is confirmed by an
AFM study on our gadolinium films. In Fig. 7 the increasing
grain size of films with increasing thickness is apparent. It is
therefore likely that the diffusion coefficient is determined by
the morphology of the film. The effect of morphology may

FIG. 4. Diffusion coefficients calculated from the current transients shown
in Fig. 3 ~squares!, and the reciprocal switching time~triangles, right axis!
of the film as a function of the added hydrogenDx, intercalated before the
potential step.

FIG. 5. The potential dependence of the diffusion coefficient and the recip-
rocal switching time~calculated from the maximum of the derivative of the
transmission with respect to time! of a 400 nm film.

FIG. 6. Diffusion coefficients as a function of film thickness for two applied
potentials: 1.0 V~squares! and21.1 V ~triangles!.
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be different for lateral or normal diffusion; in both cases the
switching time does not show theL2 dependence expected
from Eq. ~4! ~see Fig. 8!.

A surface-limited process, either at the palladium surface
or the palladium–gadolinium interface, should result in a
switching time which is independent of the film morphology;
only the surface process should affect the kinetics. Since the
geometric area and properties of the surface are unlikely to
be influenced much by the internal structure of the film we
do not expect a dependence of a surface limited process on
the morphology. The switching time should then be linearly
dependent on the film thickness, since only the size of the
‘‘reservoir’’ matters. From the clear nonlinear dependence of
the switching time we conclude that switching limited by a
surface process can be excluded.

In a diffusion-controlled process, an indication of the
switching time can be obtained from Eq.~4!. In Fig. 9 the
diffusion coefficient is shown as a function of the reciprocal
switching time. A linear relation between ofL2/ts and D is
found, which is not dependent on the film thickness; the

slope of this linear plot, or prefactor, is determined byh
which relates the optical absorption coefficient to the con-
centration profile within the film. If the optical switching is
completely diffusion limited, the prefactor should have the
same value for all thickness-dependent experiments. From
this information we conclude that a dependence of the diffu-
sion coefficient on the morphology directly influences the
optical switching time, but the diffusion process and the
switching time remain strongly correlated.

In Fig. 10 the logarithm of the diffusion coefficient is
plotted as a function of the logarithm of the reciprocal
switching time, for the results obtained at various tempera-
tures, concentrations and potentials. It is clear that the data
points lie about a straight line, like the results of Fig. 9. The
different relative positions of the data points from different
experiments are the result of the different film thickness used
in these experiments. A difference of the prefactor for these
experiments would translate in a upward or downward shift
of the points. The results of Fig. 10 show that the strong
correlation between current decay and optical switching time

FIG. 7. The surface morphology as recorded by AFM for a 100 nm~A! and a 300 nm~B! gadolinium film.

FIG. 8. The reciprocal switching time as a function of film thickness for two
applied potentials:21.0 V ~squares! and21.1 V ~triangles!.

FIG. 9. The diffusion coefficient as a function ofL2/tswitch for the films of
different thickness.
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is independent of temperature and potential. The first two
points of the concentration dependent results~filled squares!
lie on the straight line. The deviation of the remaining points
is explained by a dependence on concentration of the func-
tion that relates the transmission and concentration.

E. Comparison with literature

In the experiments of Den Broederet al.20 involving lat-
eral diffusion, thebg phase boundary is visible as a trans-
mission discontinuity, which moves with at1/2 dependence.
Since the film is very thin, formation of a phase boundary
during loading normal to the surface is unlikely due to the
limited time. For much thicker films a phase boundary model
could relate the diffusion coefficient to the switching time.

Typical electrochemical switching times are in the order
of 10 s for a potential stepped to around21.1 V. More nega-
tive potentials will only result in hydrogen gas development.
Gas phase experiments on yttrium switchable mirrors at 1
bar hydrogen pressure show similar switching times. Van der
Molen et al.7 reported a switching time of 3 s for a 200 nm
yttrium film. Huibertset al.1 measured a switching time of
70 s for a 500 nm yttrium film. Therefore a fundamental
difference in switching kinetics for gas phase and electro-
chemical loading seems unlikely.

IV. CONCLUSIONS

We show that a simple diffusion model describes consis-
tently the switching kinetics of a gadolinium thin film upon
hydrogenation. The time constants of the current and trans-
mission transients are directly related to the diffusion coeffi-
cient, pertaining to the reversible loading of the gadolinium
film. Two time domains are attributed to the different struc-
tural phases involved in the transition from the dihydride to
the trihydride state. There is a clear dependence of the
switching time and diffusion coefficient on temperature, po-
tential, concentration, and film thickness. The measured ac-
tivation energies correspond well with literature values for

similar materials. A significant increase of the diffusion co-
efficient with increasing hydrogen concentration and de-
creasing applied potential is found. A thickness dependence
of the switching time and diffusion coefficient is also clear.
The nonlinear dependence of the switching time on the film
thickness indicates the role of diffusion limited kinetics in
optical switching.
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