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The optical switching from shiny metallic to “black” absorbing states of 30 nmNW§0 nm TM/10
nm Pd (TM=Ti, V, Cr, Mn, Fe, Co, Ni, Pd) trilayer thin films upon hydrogenation is used to determine
the hydrogen absorption/desorption kinetics at moderaterelssure and room temperature. A strong
correlation is observed between these kinetics and the enthalpies of solution of H in TM. A diffusion
model based on chemical potentials of hydrogen in metals has been developed that agrees qualitatively
with the experimental data, both from kinetics and hydrogen concentration profile points of view. The
influences of the solution enthalpy and the diffusion coefficient of H in TM and that of the TM layer
thickness are discussed with respect to this model. Finally, we conclude with potential applications of
these trilayers, from optical hydrogen detection to reinvestigation of diffusion coefficients of H in TM.

1. Introduction For example, optical switching from shiny metallic to
. _ . “black” absorbing with fast hydrogenation/dehydrogenation
The societal acceptance of hydrogen as energy carrier ing4 cycling stability has been obtained for 30 nm M

the coming years requires a high safety level and a continu- 169 nm Tj/10 nm Pd trilayer thin films sputtered on gl&ss.
ous detection of hydrogen leaks. This implies the develop- pagter hydrogenation kinetics has been obtained on 30 nm
ment of new ge_nerations of hydrogen sensors that _h_ave tOMgzNi or 50 nm MgyTiz/30—50 nm Pd bilayer thin films
be less expensive, safer, and more hydrogen specific thany, \itereq at the end of an optical fidéwhereas preliminary
existing ones. Optical fiber hydrogen sensors are good studies on MgNi/Ni/Pd samples evidenced a remarkable

candidates to fulfill these requirementslevertheless, the asymmetry, i.e., fast hydrogenation and slow dehydrogena-
sensing materials such as PUWOs* V20s°... envisaged o0 oioe T

up to now present only small optical changes upon hydro- . o .
genation; complex techniques (Bragg grating spectroséopy, 10 understand the origin of this intriguing behavior, we
microcantilever,..) are needed to monitor the presence of Nave systematically investigated the kinetics of hydrogena-

H,. Recently, metal hydride switchable mirisave been  tion/dehydrogenation for 30 nm Myi/x nm TM/10 nm Pd

reported to exhibit drastic changes in reflection upon (TM = Ti—Ni, Pd)trilayer thin films and reported the results
hydrogenatior 12 in this paper. On the basis of calculations using a transfer

matrix method and published dielectric functions for the
individual layerst®14 all transition metals are suitable to

* To whom correspondence should be addressed. E-mail: mathieu.pasturel@

univ-rennesL.fr. obtain a large contrast in reflectance as a function of the
lsg;ééjﬁifgé?tseifhimiq“es de Rennes. hydrogen content in the Mili layer. From a kinetic point
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(1) Butler, M. A. Appl. Phys. Lett1984 45, 1007. hydrogen solubility and diffusivity vary by several orders

(2) Butler, M. A. Sens. Actuators, B994 22, 155. . o
(3) Villatoro, J.; Luna-Moreno, D.; MorizoHernadez, D.Sens. Actua- of magnitude along the 3d transition metals.

tors, B2005 110, 23. . N .
(4) Sekimoto, S.; Nakagawa, H.: Okazaki, S.; Fukuda, K.; Asakura, S.: A simple model taking into account the variation of the

Shigemori, T.; Takahashi, Sens Actuators, B00Q 66, 142. chemical potential of H in the constituting metallic layers is
(5) Maciak, E.; Opilski, Z.; Urbanczyk, MJ. Phys. 12005 129, 137. itati i
(&) Sutapun, B.. Tabib-Azar, M. Kazemi, /ehs. Actuators, B999 showr_1 to qualltatlvely reproduce _the main f_eatures of thg
60, 27. experimental data. It is used to discuss the influence of (i)

(7) lannuzzi, D.; Deladi, S.; Slaman, M.; Rector, J. H.; Elwenspoek, M.
C. Sens. Actuators, B00§ available on the Web May 19, 2006.
(8) Huiberts, J. N.; Griessen, R.; Rector, J. H.; Wijngaarden, R. J.; Dekker: (12) Slaman, M.; Dam, B.; Pasturel, M.; Borsa, D. M.; Schreuders, H.;

J. P.; de Groot, D. G.; Koeman, N.Nature1996 380, 231. Rector, J. H.; Griessen, Bens. Actuators, B00G available on the
(9) Pasturel, M.; Slaman, M.; Schreuders, H.; Dam, B.; Griessen, R; Web Oct 30, 2006.
Lohstroh, W.; Borgschulte, AJ. Appl. Phys2006 100, 023515. (13) Lohstroh, W.; Westerwaal, R. J.; Noheda, B.; Enache, S.; Giebels, I.
(10) Yoshimura, K.; Bao, S.; Yamada, Y.; Okada, Wacuum200§ 80, A. M. E.; Dam, B.; Griessen, RPhys. Re. Lett. 2004 93, 197404.
684. (14) Lohstroh, W.; Westerwaal, R. J.; van Mechelen, J. L. M.; Chacon,
(11) Pasturel, M.; Slaman, M.; Schreuders, H.; Borsa, D. M.; Dam, B.; C.; Johansson, E.; Dam, B.; Griessen, fys. Re. B 2004 70,
Griessen, RAppl. Phys. Lett2006 89, 021913. 165411.

10.1021/cm062157h CCC: $37.00 © 2007 American Chemical Society
Published on Web 01/13/2007



Hydrogen Sorption Kinetics of Mii/TM/Pd Trilayers Chem. Mater., Vol. 19, No. 3, 200825

the enthalpy of hydride formation or solution, (ii) the TM

layer thickness, and (iii) the diffusion coefficient of hydrogen 60 as sputtered ﬂ
in the TM layer on the absorption and desorption kinetics.
Finally, potential applications of such trilayer thin films are § sop dehydrogenated
described. E a0l
<
. . 8 30
2. Experimental Section 9 ” hydrogenated

The 30 nm MgNi/x nm TM/10 nm Pd samples are prepared by E’
dc magnetron sputtering (AJA ATC2400) from elemental sources 10F
in a vacuum chamber with an Ar base pressure-bfx 1076 Pa. 0 \ \ )
Mg and Ni are co-deposited on glass substrates with an atomic 1.5 20 25 3.0
ratio of 2:1, checked by RBS analysis. The transition metal layer Energy (eV)

is then sputtered .on top Of_ thg previous one. Sub§equently, _a 10Figure 1. Optical reflectance spectra of a glass/30 nmNigL40 nm Fe/
nm Pd cap layer is added in situ to protect the switchable mirror 10 nm pd trilayer film measured from the glass substrate side, irtihe (
against oxidation and to promote hydrogen dissociation. as-sputtered state®] hydrogenated state (120 s in a 250 mL rdiflux

The thickness of the thin films is determined with a DekTak ©Of 5% Hzin Ar) and (+) dehydrogenated state (24 000 s in a 250 mLthin
stylus profilometer. flux of 10% ©z in Ar).

Structural characterization is done in a Bruker D8 Discover X-ray . .
diffractometer using Cu & radiation § = 1.5418 A) and equipped for the other_ _3d-tranS|t|on metals. Th_e position of the
with a 2D detector (Global Area Diffraction Detection System) that "€fléctance minimum depends on the optical constants of the
gives information about the orientation of the crystallites in the TM layer and occurs always in the +2.1 eV range,
sample area diffracting the 0.5 mm diameter collimated X-ray beam. inducing a deep blue color of the samples observed from
The sample is placed in a beryllium dome in order to measure the substrate side.
diffraction patterns in various surroundings, namely ais, bf The maximum optical contrast takes place in the red
vacuum. wavelength range. Therefore, the kinetics of hydrogen

The optical reflection of the films is measured ex situ from the absorption and desorption are determined from reflectance
substrate side in an optical-fiber-based setup in the energy rangemeasurements at 1.93 eV.

1.0 < hw =< 3.5 eV (i.e.,, 1240 nn= 1 = 350 nm), with a 25

reflection angle. The setup allows Ar gas containing®+100%) . .
and/or Q (0—100%) to flow over the sample. The measured 30 nm MgNi/50 nm TM/10 nm Pd (TM=Ti, V, Cr, Mn,

reflectances are calibrated with an aluminum reference mirror. <0 NI and Pd) fl!ms is shown in Figure 2. The main features
For electrochemical measurements in a galvanostatic mode, ar€ as follows: (i) for TM= Co and Cr, the hydrogenation
constant curreni & 13.3uAlcm?) is applied between the thin film ~ rates are slow (Figure 2a) and 48 h or 20 min are needed,
(~1.5 cn?) and a Pt counter electrode, whereas the potential is respectively, to form the M@\i hydride (these two cases
measured versus a Hg/HgO reference electrode. The electrolyte iswill be discussed in section 4.4); (i) for TM Ni, an almost
1 mol/L KOH flushed with 5N purity argon gas to remove dissolved linear decrease in the reflectance is observed from the
gases. The cell is thermostatedrat 293 K. Variations of optical unloaded to the fully hydrogenated state and takes place in
reflection and transmission during hydrogen loading and unloading gphout 60 s (Figure 2b); (iii) for TM= Pd and Mn, a straight
are mer_alsured with a set_of two diode detectors and a red diodegpq very fast hydrogenation is observed, the reflectance
laser with 2 = 635 nm, i.e..hw = 1.95 eV, mounted on the g itching from above 50% to below 10% in about 10 s or
electrochemical cell. less (Figure 2b): (iv) for TM= Ti and V, a fast partial
decrease in the reflectance is observed initially but then the
rate decreases progressively and the fully hydrogenated state
3.1. Kinetics of Hydrogen Absorption and Desorption. is reached only after a few hours (Figure 2c).
As mentioned above, trilayers of 30 nm pNI/x nm TM/ The time dependence of hydrogen desorption for different
10 nm Pd are all expected to exhibit a transition from high 30 nm MgNi/50 nm TM/10 nm Pd (TM= Ti, V, Cr, Mn,
to low reflectance, measured from the substrate side, uponNi, and Pd) films is shown in Figure 3. Notice that data for
hydrogen loading. So far, these theoretical expectations havethe trilayer with TM= Co are not included, as after 9 months
been confirmed for TM= Pd and Tit%12 Another example  exposure to air, it was still not totally unloaded. The hydrogen
is shown in Figure 1 for TM= Fe andx = 140 nm. As release from TM= Ni samples takes place in a few hours
expected, the as-sputtered reflection spectrum correspondgFigure 3a), as it does for T Fe. In the case of TM=
to that of MgNi.'* The sample was then exposed to 5% H Mn, approximately 30 min are needed to completely unload
in Ar, corresponding to 5 kPa partial pressure of End the samples. Finally, very fast desorption rates are observed
totally hydrogenates in about 120 s. The reflectance minimumfor TM = Ti, V, and Pd (Figure 3b).
in the hydrogenated state is due to destructive interference 3.2. Electrochemical Hydrogenation/Dehydrogenation.
in the 30 nm transparent MiiH, layer covered with the  To identify the various steps occurring during hydrogen
reflecting transition metal layer. Upon exposure to 10% O absorption and desorption of the trilayer films, electrochemi-
in Ar, the sample dehydrogenates; after 24 000 sxfer cal loading and unloading has been performed in a galvano-
140 nm and TM= Fe, the reflectance reverses to its initial static mode (constant applied current). This technique, which
value, implying a total release of hydrogen without noticeable involves large differences between the measured and equi-
deterioration of the thin film. Similar results are obtained librium potential of the hydrides, is not appropriate for

The time dependence of hydrogen absorption for a set of

3. Experimental Results
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Figure 2. (@) Variation during hydrogenation of the reflectance at 1.93
eV of 30 nm MgNi/50 nm TM/10 nm Pd for TM= Ti (O), V (v), Cr (&),

Mn (+), Co (%), Ni (a), Pd ©) trilayer films exposed to a 250 mL ik

flux of 5% H; in Ar; (b) zoomed area of (a) to highlight the behavior during
the first 90 s; (c) enlarged time scale to show the total loading of the trilayer
with TM = V.
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Figure 3. (a) Variation during dehydrogenation of the reflectance at 1.93
eV of 30 nm MgNiH4/50 nm TM/10 nm Pd (TM= Ti, V, Cr, Mn, Ni, Pd)
trilayer films exposed to a 250 mL mif flux of 10% O, in Ar; (b) zoomed
area of (a) to highlight the behavior during the first 200 s.
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higher than that of MgNi (AH¢ = —31.7 kJ/mol H)3 (panels
b and e of Figure 4), and (iii) TM= Ti with a hydride
formation enthalpy AH; ~ —65 kJ/mol H}’ much more
negative than that of Md\i (panels ¢ and f of Figure 4).

For the trilayer with TM= Ni (Figure 4a), no plateau
due to Ni is observed in the potential during hydrogen
loading. This is in agreement with the high pressure of
formation of NiH (R, ~ 600 MPa at 293 K}? whereas the
stability of the electrolyte (1 M KOH) does not allow
reactions belowE = —0.932 V vs Hg/HgO, i.e., above
approximately 1 bar hydrogen pressure. The relation between
potentials and equivalent hydrogen pressures is described in
ref 1818 Nevertheless, the sample turns into its black state,
i.e., MgNiH, is formed, after exchanging 5.8 10~7 mol-
(e”)/cm?. Considering the thickness of the Mj layer (30
nm), its bulk density § = 3.43 g/cnd), its molecular weight
(M = 107.2 g/mol), and an exchange of 1 electron per H
atom, the maximum amount of electrons exchanged to form
Mg:NiH, is expected to be equal @max= 4 x 1x ((30 x
10 7x 3.43)/107.2)= 3.8 x 107 mol(e")/cn?. The experi-
mental value is higher because at the potential of the reaction
(E < —1.2 V vs Hg/HgO), both the hydrogenation of bg
Ni and the hydrolysis of electrolyte (2B + 26 = H, +
OH™) occur simultaneously. The same phenomenon is
observed during the unloading (Figure 4d), where the optical
reflectance increases slowly while the electrochemical po-
tential saturates at the stability limit of the electrolyte (1/
20, + H,0 + 2e == 20H)

For TM = Pd (Figure 4b), a first plateau aroukd= —0.9
V vs Hg/HgO induces a strong decrease in the reflectance
and a small increase in the transmittance. It is attributed to
the formation of MgNiH,4. A second plateau arourid =
—1.0 V vs Hg/HgO is then observed, accompanied by a small
increase in the transmittance and no change in the reflectance.
It is thus attributed to the formation of the palladium hydride.
Further loading induces a decrease in the potential reaching
that of electrolyte electrolysis, whereas no changd®amd
T are observed. Such a loading behavior was expected from
the formation enthalpies of the hydrides MH, and PdH
(0.6 < x < 1): an H atom entering the thin film diffuses to
the energetically favorable layer, i.e., bNj layer (more
negativeAHs) and then fills the second layer. According to
this observation, the behavior during the unloading seems
logical. The dehydrogenation first occurs in the Rdéyer
(plateau aroundt = —0.55 V vs Hg/HgO without changes
in the reflectance and a small decrease in transmittance in
Figure 4e) and then continues with the MdH, layer
(plateau around = 0 V vs Hg/HgO with a concomitant
important increase in the reflectance and a small decrease

measurements of thermodynamic data. However, it is usefulin transmittance in Figure 4e). Notice, the plateaus do not

for comparison of the various reaction plateaus of different

layers and the amount of H atoms exchanged that are(15) wayman, M. L.; Weatherly, G. C. IRhase Diagrams of Binary

proportional to the number of electrons Q. The results
obtained on three typical 30 nm Ni/50 nm TM/10 nm

Pd trilayers are presented: (i) TM Ni, in which the
enthalpy of hydrogen solution is positivAlls ~ +12.5 kJ/
mol H)'® (panels a and d of Figure 4), (ii) TM= Pd, in
which the enthalpy of formation af'-PdH, (—25 < AH; <
—10 kJ/mol H depending on H:Pd ratié)s negative and

Hydrogen AlloysManchester, F. D., Ed.; ASM International: Materi-
als Park, OH, 2000; p 147.

(16) Manchester, F. D.; San-Martin, A.; Pitre, J. M.Rhase Diagrams of
Binary Hydrogen AlloysManchester, F. D., Ed.; ASM International:
Materials Park, OH, 2000; p 158.

(17) Manchester, F. D.; San-Martin, A. IRhase Diagrams of Binary
Hydrogen AlloysManchester, F. D., Ed.; ASM International: Materi-
als Park, OH, 2000; p 238.

(18) Cuevas, F.; Joubert, J.-M.; Latroche, M.; Percherohg@unieA.Appl.
Phys. A: Mater. Sci. Proces2001, 72, 225.



Hydrogen Sorption Kinetics of Mili/TM/Pd Trilayers Chem. Mater., Vol. 19, No. 3, 200627

loading unloading
— 06 —— 0.8
0.4 .
Ni 12 03 Jos
06 0.0 d04
03 13318
06 Jo.012
09 J0.006
T T
0.000
o © o0 10 20 30 40 50
s = 06 y 3
- - L ]
o Y 0 03 H2 2
o s 9 5
% = % 0.0 1 2
T ; T, ;
[/ n
S c S 0.6 0.02 ©
= S = of 0.01 3,
(1] 3 m Y.y
= = 0.00 @
‘g’ 0 - ‘E’ 0 2 4 6 8 10
E —3 E —3
12
(c) 41 (f) -2
= -1
{0.03 T
looo [0.03
N . Fo.02
Ti oot Ti oo
_12 M 1 M 1 M 1 M 1 M 000 : M 1 M [ M 1 M 1 M 000
0o 2 4 6 8 10 o 2 4 6 8 10
Q (107 mol(e)lcm?) Q (10" mol(e)icm?)

Figure 4. Variation of the electrochemical potential (vs Hg/HgO reference electrode) (black symbols), optical reflection (red line), and transmission
(blue line) during galvanostatic {&c) loading and (e-f) unloading of 30 nm MgNi/50 nm TM/10 nm Pd trilayer films with TM= Ni (a, d), Pd (b, e), and

Ti (c, f).
respectively end and start sharply as expected, but the 3.3.X-ray Diffraction. X-ray diffraction patterns obtained
unloading of MgNiH4 seems to begin while the unloading on 30 nm MgNi/50 nm TM/10 nm Pd trilayer films under
of PdH, is not yet completed. This will be discussed in different atmospheres are presented in FigurescSar TM
section 4.2. = Ni, Pd, and Ti, respectively. As-sputtered films exhibit a
The same reasoning can be applied for thin films with relatively sharp diffraction peak, namely Ni(111) at 44,50
TM = Ti. Panels c and f of Figure 4 represent the second Pd(111) at 40.1% and Ti(002) at 38.4% indicating a clear
loading and unloading of the sample, respectively. According oriented preferential growth of these layers during deposition.
to the highly negative enthalpy of formation of TiH (AH; For TM = Ti and Ni, an additional peak corresponding to
~ —65 kJ/mol H);" electrochemical loading of the stack the pd(111) top layer appears at 40.Mo (003) or (006)
occurs first in the Ti layer (sloping plateau aroue: —0.7 peaks of the MgNi layer are observed at 20.Dbr 40.9,
V' vs Hg/HgO without changes in the reflectance and (egpectivelyt because of (i) the relatively light weight of
transmittance) and then in the M\j layer (plateau around Mg, (ii) its position under the TM and Pd layers, and (iii)

E Tj _0'9”\_/ vs Hg/HgO with a strong d?rchrease n rgflectance;”the very small size of the crystallitéEach sample presents
and small increase in transmittance). The transmittance still )’ qitte rent behavior upon exposure to hydrogen.

increases slightly after the MNi plateau, whereas the

reflectance remains constant. This can be attributed to the The Ni(111) peak observed at 44°5@ Figure 5a does
loading of the 10 nm Pd top layer. The unloading first takes nNot change in intensity and in position between the as-
place in the Pd capping layeE (= —0.55 V vs Hg/HgO), sputtered state and after exposure to 5 or 90 kParéksure,
and then in the MgNiH,4 layer and finally in the TiH_; layer in agreement with the very small solubility of hydrogen in
(progressive increase of the potential toward the electrolyte

electrolysis after the stabilization of reflectance and transmit- (19) Westerwaal, R. J.: Borgschulte, A.; Lohstroh, W.: Dam, B.: Griessen,
tance). R. J. Alloys Compd2005 404406, 481.
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a %'?[ dehydrogenated acterized by its thicknessy, its hydrogen diffusion constamy, and its
; 0.08 reduced enthalpy of hydrogen solution (or formatios) = (ex —
~ [ 50mbarH, u /2)IRT. The chemical potential of H in layer X i&'. It depends on the
b 0.04l hydrogen concentratiogk, which is a function of space and time.
) as sputtered
c 000 A 2 - L 4
o 32 34 36 38 40 42 44 46 L . . .
£ o020 correlation is discussed with the help of a diffusion model
= 0osl U/\ 50 mbar based on the chemical potential of hydrogen in the system.
WMMW . :
0.010} 4. Discussion
as sputtered . . . . .
0.005 Wp b 4.1. Simulation of Diffusion. Several mathematical mod-
0.000 . \W“ e els have been developed to explain hydrogen diffusion
52 34 % 38 46 through multilayer thin film$#-27 Most of them use Henry’'s
20 ( ) law to determine the hydrogen concentration in the metallic
Figure 5. X-ray diffraction patterns of 30 nm M@li/50 nm TM/10 nm layer and define boundary conditions at the mterface_ between
Pd trilayer films with () TM= Ni, (b) TM = Pd, (c) TM= Ti under two layers. Nevertheless, these models do not fit all the
various gas atmospheres at room temperature. The curves are vertlcallyexpenmental dat8or requ|re different diffusion coefficients
shifted for clarity. for identical layergs

Here, another approach is proposed and a bilayeiNilg
TM on a substrate is considered. The transition metal
layer (TM) has a thicknesdry and the MgNi layer (M)
has a thicknesdy (Figure 6). The substrate does not react
with H.

The chemical potential of H in both layers is assumed to
be of the form

nickel (~3 x 1075 H/Ni)*® at room temperature and moderate
pressures.

The Pd(111) peak observed at 40.16 Figure 5b is
slightly shifted to smaller 2 (40.00) upon exposure to 5
kPa H pressure, corresponding to the solution of hydrogen
in the a-Pd phase. According to bulk thermodynamic data,
o/-PdH, forms at 293 K and P(}) = 5 kPal® but this phase
transition is observed only at higher pressure in the trilayer #H(Cx) = R'I1n
films (PdH(111) at 38.4 observed at P(k) = 90 kPa in
Figure 5a). Strains within the trilayer films or size effects _ _ ) o )
are known to influence the hydrogenation behavior 3¢ wherecy is the fraction of interstitial sites occupied by H
and thus the Pd layer. Samples exposed to primary vacuum@toms in the metal at energy, R is the ideal gas constant,
are dehydrogenating and the peak is shifting to a slightly and X stands for TM or M.
higher 2 value than the initial one. Release of strains atthe  1he chemical potential of molecularftonsidered as an
interface between M#li and Pd layers can explain this ideal gas at low pressure, is given by
observation.

Under 5 kPa Hpressure, the initial Ti(002) peak in Figure
5c disappears and theTiH>-(111) peak appears at 34.3
This hydride phase does not decompose upon exposure to
primary vacuum or to & because of its large negative wherey;, is the chemical potential in the standard condi-
enthalpy of formation, and only a small variation in the tion of pressurePO and temperature.
composition is observed (8 € < 0.4). At equilibrium, the chemical potential of H atoms must

The three series of experiments point toward a strong pe equal everywhere in the sample, i.e.
correlation between the hydrogenation behavior of the trilayer
films and the enthalpy of hydrogen solution (or formation) (24) Ash, R.; Barrer, R. M.; Palmer, D. @r. J. Appl. Phys1965 16,

e @)

H,

P,
o, =, F RTin—5 @)

of the transition metal layer. In the following section, this 873. : .
(25) Takano, N.; Murakami, Y.; Terasaki, &cr. Metall. Mater1995 32,
401.

(20) salomons, E. M.; Feenstra, R.; De Groot, D. G.; Rector, J. H.; Griessen, (26) Schmitz, G.; Kesten, Ph.; Kirchheim, R.; Yang, Q. Rhys. Re. B
R.J. Less-Common Me1987 130, 415. 1998 58, 7333.

(21) Zitel, A.; Nitzenadel, Ch.; Schmid, G.; Emmenegger, Ch; Sudan, (27) Yamakawa, K.; Ege, M.; Hirscher, M.; Ludescher, B.; Krotiemy
P.; Schlapbach, LAppl. Surf. Sci200Q 571, 162-163. H. J. Alloys Compd2005 393 5.

(22) Eastman, J. A.; Thompson, L. J.; Kestel, BPlys. Re. B 1993 48, (28) Schmitz, G.; Yang, Q. M.; Kesten, Ph.; Geyer, Uld¢m, U. v,;
84. Reimann, K.; Kirchheim, RDefect Diffus. Foruml997, 945 143-

(23) Results to be published. 147.
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1
S, =t (Cr) = i (Cw) 3)
In a nonequilibrium state, during diffusion, the boundary
conditions are

a1 _ ™

(D) St (A) = ™ (A) 4
at the interface between gaseous &hd the TM layer
(interface A in Figure 6) and

(ii) 41" (B) = iy (B) (5)

at the interface between the TM and M layer (interface B in
Figure 6).

In each Iayer;BH( depends on positionand timet. At any
time t, u is a continuous function of, but to conserve H
atoms, its first derivative must satisfy the following boundary
condition at interface B

™ IuM
H H
LTMW'B = LME'B (6)
as the current density of H particles is given by
. o
=", )
where the coefficienLy is given by
Dxcx
I‘X = RT (1 - CX) (8)

This expression ensures that (i) with a constant diffusion
coefficientDy in the limit of low hydrogen concentrations,
eq 7 reduces to

: dox
== Xdz 9)
because, from eq 1
X
dei _ RT (10)

de, c(1—cy)

and (ii) it takes into account site blocking effects pro-
portional to (1— cx).

Comparing eqs 7 and 9, the boundary conditions 6
reduces to

depy, dcy

D1y ¥|B = ME'B (11)
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Figure 7. Simulated hydrogen (a) absorption and (b) desorption kinetics
for 30 nm M@Ni/50 nm TM bilayer films with different values odry =

—10 @), —6 (+), —4 (O), 0 (»). The concentratiom, is the hydrogen
concentration evaluated in the M layer at a distance of 3 nm from the
M—substrate interface.

In the following, the dimensionless parametess—e 1/2
In P/P°, ey = (e — wp/2)/RT, and & = (em —
up, J2)IRT are used.
All simulations are done fogy = —8, in agreement with
the results of Lohstroh et &t.for Mg.Ni thin films, which
show that a homogeneous MH 4. layer can be obtained
atT = 293 K andPy, = 40 Pa.
Finally, in the MgNi layer at the interface between M
and the substrate (interface C in Figure 6), the particle current
must vanish, because the substrate does not absorb H. Thus

dcy,

azle~ "

(13)
At each time of our numerical finite element method, two
consecutive calculations are made:

e step 1: the diffusion equation

(14)

is solved for each layer X separately with appropriate
boundary conditions @/dz|goc = 0 and

e step 2: eq 12 is used on the pixel at position B in each
layer with the constraint that the total H concentration on
these two pixels is conserved, i.e.

Id
Crwm + Crm t Cy
old

wherec?y andcy are the results from the diffusion eq 14.
Equations 15 and 12 are a solvable set of two nonlinear

old _

Cn = (15)

Note, however, that at the same interface B, egs 1 and 5equations with two unknownery and cuy.

lead to

Crm
1—Cy

Cm

1—-cy

€™ €m
In RT In lg + RT

ls (12)

This implies that the concentratioog, andcy on both sides
of interface B are not equal.

The results are presented in the following sections.

4.2. Simulated Hydrogen Absorption and Desorption
Kinetics. First, a 30 nm MgNi/50 nm TM bilayer is
considered during H loading witey = —2 and unloading
with ey = —13. The time dependence of the concentration
cRevaluated at a distance of 3 nm from the Misubstrate
interface is indicated in panels a and b of Figure 7for different
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Figure 8. Simulated hydrogen concentratiofy andcy (left) and chemical potentia}sLM andyL" of hydrogen (right) profiles in 30 nm M$li/50 nm TM
bilayer films at 5 equidistant times (black red < blue < pink < green) during hydrogen loading, for (egy = 0, (b) erm = —4, and (¢c)erm = —10.
Notations of layers and interfaces are identical to those in Figure 6.

values of ery. This hydrogen concentration essentially  The good qualitative agreement between experimental and
determines the reflectance that is measured from the substratsimulated hydrogenation kinetics indicates that enthalpies of
side. It is thus meaningful to look for a correlation between solution of hydrogen in the various layers play an essential
the calculated concentratiorf, and the measured reflec- role.

tance in Figures 2 and 3. Note, however, that an increase in - To gain more insight in the simulations, the concentration
H concentration corresponds to a decrease in reflectanceg, and corresponding: profiles are calculated in the
because of the measured trilayer switch from shiny metallic pijayers at five equidistant times between the unloaded and
to black absorbing during hydrogenation. fully loaded states and plotted in Figure-8a

The calculations lead to the following conclusions: The boundaries conditions (eq413) are fulfilled: (i)

. R . . .
" (0) '_T_?]r eT.“{' Zt 0, chncreasgs tefgrglally l\lll'ntﬁa?% with the chemical potential of H is continuous at the TM/Mg
Ime. This situalion corresponds to € or NI that have interface, (ii) the slopesaiy/dz/g andDy dey/dzls are the

positive enthalpies of hydrogen solutiots ~ + 27 and o, 10 o hoth sides of interface B, and (jidybizic = 0 at
+12.5 kJ/mol H, respectively}:?° This behavior is observed the M—substrate interface ' (1ipetizlc

experimentally in Figure 2b for TM= Ni. N ) . .
(ii) For ew < ery < 0, the fastest hydrogenation rates are _ 0" €m = 0 (Figure 8a), corresponding to TM Ni or
Fe, the MgNi layer can be totally filled ¢y = 1) with a

obtained. This configuration corresponds to BVPd or Mn ! i
(AHs ~ —7 kd/mol H)® Experimentally, these transition hydrogen concentratioory remaining at a very low level

metals also give the fastest hydrogenation rates, the sampled the TM layer, in agreement with reported restilend as
being completely loaded within 10 s (Figure 2b). observed during electrochemical loading (Figure 4a) or by

(iii) For ey < ew, C’\RA first increases rapidly but slowly )_(-ray diffra_ctioq (Figl_Jre 5a). In_this case, a quasistationa_ry
decreases, and the fully loaded state is reached only after Alnee_lr gradient is rapidly estabhs_hed in the TM I_ayer. This
relatively long time. Experimentally, such a behavior has |mp||.esaconstant C“”er.“ of parfuclgs throggh this layer and
been reported previoushyfor 30 nm MgNi/100 nm Ti/10 a filling of .the M layer linearly in time (Figure 7a). The
nm Pd films that reach a “black state” after 60 s but whose concent_ratlomM IS avaay_s much larger thacry near the
optical spectrum continues to evolve up to 210 s. It is also TM_.M mterfac_:e (.B n F_|gure 6). bec‘?‘use the enth_alpy of
observed in Figure 2ac for the 30 nm MgNi/50 nm V/10 hydride formation in M is more negative than that in TM.
nm Pd trilayer film. Both Ti and V (solution in the-phase: Forew < erw < O (Figure 8b), corresponding to TH
AHs~ —31 kJ/mol H or formation of th@;-phase: AH; ~ Mn or Pd, the MgNi layer is almost totally hydrogenated
—41 kJ/mol H¥$* have a more negative enthalpy of hydro- (red or blue lines), whereas the TM layer remains partially
genation than MgNi. unloaded. It loads to its maximum value afterward, in
agreement with the experimental electrochemical hydrogena-

(29) Manchester, F. D.; San-Marin, A. IRhase Diagrams of Binary tion (Figure 4b). Notice that this maximum value is smaller
Hydrogen AlloysManchester, F. D., Ed.; ASM International: Materi-
als Park, OH, 2000; p 46.

(30) San-Marin, A.; Manchester, F. D. IRhase Diagrams of Binary (31) Fagerstroem, C.-H.; Manchester, F. D.; Pitre, J. MPhase Diagrams
Hydrogen AlloysManchester, F. D., Ed.; ASM International: Materi- of Binary Hydrogen AlloysManchester, F. D., Ed.; ASM Interna-
als Park, OH, 2000; p 95. tional: Materials Park, OH, 2000; p 273.
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thancry = 1. This agrees with the impossibility of forming 3
PdH at moderate Hpressures. 8 700 @

In the opposite case famy < ey (Figure 8c), correspond- g so0or o
ing to TM = Ti or V, the TM layer needs to be almost fully £ o00p “m
loaded beforey starts to increase in the Myi layer (red S 400r : 04
and blue lines). The same loading behavior is observed g 300p g :10
experimentally in Figure 4c. “g’»fgg )

Qualitative results of hydrogen absorption given by the -i 0- : .
diffusion model match the experimental results, from both T 0 50 100 150 200
the point of view of kinetics and that of hydrogen concentra- w210 ) T
tion profiles. For desorption, similar simulations are done o 1801 RS
(Figure 7b) starting with (i) hydrogen concentratiagsand = 101 "' o
crm Obtained in the fully loaded state by loading simulations S 1201 8 =R
and (ii)eqy = —13 corresponding to a negligibleidressure, § zg -
in order to compare them with the experimental dehydro- g .
genation kinetics. g 33 [ M_rx/*««

A huge increase in dehydrogenation time for a 30 nm-Mg £ 0 70 140 210 280

Ni/50 nm TM bilayer film is calculated (Figure 7b) when TM layer thickness (nm)

erv increases from-10 to 0. Experimentally, this agrees
qualitatively with an unloading in a few seconds for Bv
Tiand V (Figure 3b), in about 30 min for T Mn, and in
a few hours for TM= Ni or Fe (Figure 3a). In these last

Figure 9. TM layer thickness dependence of the hydrogenation time of
30 nm MgNi/x nm TM (/20 nm Pd) thin films (a) simulated f@&n =
—10, —4, and 0 and (b) measured experimentally for EMTi, Pd, and

Ni. Different symbols for a given TM in (b) correspond to samples from
different batches.

two cases, the remarkable asymmetry between the fast
hydrogen absorption and the slow desorption is confirmed of hydrogenation time versus TM layer thickness increases
by the simulations. Nevertheless, an exception occurs forin the sequencesy = —4 — 0— —10 and in the sequence
TM = Pd, where the experimental hydrogen release takesTM = Pd— Ni — Ti. The model also qualitatively well-
place in about 1 min, whereas a behavior similar to that of describes the influence of the TM layer thickness on the
TM = Mn is expected. This might be due to (i) a larger Pd hydrogenation kinetics. Note that both calculated and ex-
surface in the case of a thick (3010 nm) Pd layer than in  perimental hydrogenation times increase more or less linearly
the thin (10 nm) layer deposited on top of each TM film, with the TM layer thickness, whereas a quadratic dependence
which favors the surface reaction between H atoms and O on the TM layer thickness would be expected in a simple
during dehydrogenation, or (ii) an additional activation diffusive system. Itis a direct consequence of the difference
energy barrier between the TM layer and the Pd-capping in chemical potential between the Mg and TM layers.
layer that is obviously not present for TM Pd3? Because of this difference, the gradient of hydrogen con-
Hydrogen concentration profiles during the hydrogen centration in the transition metal layer is almost linear at
release (not shown here) also follow the different steps @ny timet, except at the beginning (Figure 8). This implies
evidenced by electrochemical measurements during dehy-that at a given time, the hydrogen concentration in TM at
drogenation (Figure 4¢ff). Fhe intgrface .B of Figure 6 decrgases almost linearly .With
We conclude that the diffusion model well-reproduces the "créasing thickness of TM. Or in other words, the time
main features of hydrogen absorption/desorption in 30 nm Needed to reach a givemy at interface B increases almost
Mg:Ni/50 nm TM (/10 nm Pd) thin films. So, it is used in linearly wlth the thlgkness of the TM Iaye_r. The equilibration
the next sections to study the influence of the transition metal ©f cheémical potentials at the TMMg:Ni interface (eq 12)
layer thickness and of the diffusion coefficient of H in TM. Induces a proportional increase in time to reaghin the
4.3. Influence of the TM Layer Thickness.Hydrogena- I\_/Igle I_ayer, .., an aImo;t linear increase of hydrogenation
tion times are calculated for three different valueseqj time with the TM layer thlckness._ ) )
(~10,—4, 0) and for various thickness of the transition metal _ '€ Same agreement between simulations and experiments
layer (20, 50, 100, 150, and 200 nm) in each case. TheselS observed in Figure 10 for_ the deh_ydrogenanon time
hydrogenation times are plotted versus the TM layer thick- dePendence to the TM layer thickness, in the casgpf=
ness in Figure 9a and are compared to the same graph witf? @1d—10 and the corresponding T# Ti and Ni. In the
experimental data obtained on 30 nm Mix nm TM/10 case ofery = —_10, acurvature is observed_ in the calcu!ated
nm Pd, with TM= Ti, Pd, Ni (Figure 9b). Both graphs are dehydrogenation time versus TM layer thickness but is not

comparable. Whatever the thickness, the smaller hydrogena-i” the experimental data. This difference could be explained
tion times are observed fay = —4 and for TM= Pd: by the surface reactions (Pdiith O,, intermediate forma-

hydrogenation ofery = 0 and TM = Ni are somewhat tion of OH", release of KO formed) mentioned in section
longer, and finally, the longest hydrogenation time is 4.2 that play an important role on the dehydrogenation

observed foery = —10 and TM= Ti. Moreover, the slope ~ KIN€tics. - N _
4.4. Influence of the Diffusion cCoefficient of H in TM.
(32) Borgschulte, A.; Westerwaal, R. J.; Rector, J. H.; Schreuders, H.; Dam, Up to nOW’_a” t_he SlmUI_aJFlons have been d?”e assuming
B.; Griessen, RJ. Catal.2006 239, 263. the same diffusion coefficients of hydrogen in the M and
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Figure 10. TM layer thickness dependence of the dehydrogenation time
of 30 nm Mg@Ni/x nm TM (/10 nm Pd) thin films (a) simulated fefy =
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. R
H concentration Cu

Time (arb. units)

Figure 11. Simulated hydrogenation kinetics of 30 nm piy50 nm T™M
(erm= —4) bilayer films for various ratios of diffusion coefficients of
hydrogen in TM and M layersDtu/Dm = 20 (¥), 10 (%), 1 @), 0.1 (1),
0.05 ©), and 0.01 ¢). The concentratiomy, is the hydrogen concentra-
tion evaluated in the M layer at a distance of 3 nm from thedubstrate
interface.

TM layers. Values reported for bulk transition met#s,

however, show huge differences. Therefore, hydrogenation

kinetics of 30 nm MgNi/50 nm TM (with ery = —4) bilayer
films are simulated for differenDrw/Dy = 20, 10, 1, 0.1,
0.05, 0.01. The results are given in Figure 11.

For Drw > Du, a fastest hydrogenation is calculated in
comparison wittDty = Dy. Nevertheless, the hydrogenation
time reaches a minimum limit (insert in Figure 11) that is
probably determined by the diffusion of hydrogen in the M
layer.

For Drw < Dw, the hydrogenation times are inversely
proportional to the value ddry: the hydrogenation time is
100 times longer for a 100 times small@fy.

(33) Vdkl, J.; Alefeld, G. InHydrogen in Metals |, Topics in Applied
Physics Alefeld, G., Vdkl, J., Eds.; Springer-Verlag: Heidelberg,
Germany, 1978; Vol. 28, p 321.

Pasturel et al.

These simulations would imply strong differences in
loading times of 30 nm MgNi/50 nm TM/10 nm Pd, between
TM =V (Dy ~ 1.2 x 10°°t0 5.2 x 10°° cm¥/s)y33* and
TM = Ti (Drin, . & 1 x 10717 to 9 x 10713 cn?/sy>36 or
between TM= Fe Dre ~ 1.2 x 107°° cn?/s)*® and TM =
Ni (Dni &~ 1.4 x 1020 to 2.1 x 108 cn/s)3837.38
Experiments do not show such differences, with the loading
time being very close in each case. Increased diffusion
coefficients of hydrogen in both TM and MNi layers due
to a high concentration of grain boundaries can explain the
difference between thin films and bulk compouritg® The
texture of the transition metal layer, where a preferential
growth of compact planes has been evidenced by X-ray
diffraction, can also play a role if the hydrogen diffusion is
not isotropic in TM#

According to the enthalpy of solution of hydrogen in Cr
(AHs~ +25.4 kd/mol H}? and in Co AHs~ +20.9 kJ/mol
H),*® hydrogen absorption and desorption kinetics of trilayer
thin films are expected to be comparable with those of Ni
and Fe, although they are experimentally much slower
(Figure 2a). In these two examples, the diffusion coefficients
of H in TM might play a role in slowing down the hydrogen
absorption and desorption.

In all the simulations presented so far, the diffusion
coefficientsDry andDy have been assumed to be invariant
whatever the hydrogen concentration in the layers, as stated
in section 4.1. This is close to reality for low hydrogen
concentrations in the metal, e.g., Fe and Ni, but also for Pd
at such low pressure. Nevertheless, in the case of Ti, V, and
Mg2Ni, an increase ircy might induce a decrease Dy.
Such an influence, if known quantitatively, could be easily
taken into account in our model.

4.5. Potential Applications. The diffusion model based
on the chemical potential of hydrogen in metals enables us
to qualitatively predict the hydrogen absorption/desorption
behavior of a bilayer thin film including a metal hydride
switchable mirror and a transition metal layer. It is thus
valuable for the design of bi- or trilayer films with specific
properties.

For an optical fiber hydrogen sensor, the fastest kinetics
of hydrogenation is required and Mn and Pd are the most
promising TM layer. This last element will be more suitable,
according to the faster dehydrogenation kinetics, in the case
of a thick Pd layer. Opposite, T Ni or Fe can be used

(34) Remhof, A.; van der Molen, S. J.; Antosik, A.; Dobrowolska, A.;
Koeman, N. J.; Griessen, Rhys. Re. B 2002 66, 020101.

(35) Kaess, U.; Majer, G.; Stoll, M.; Peterson, D. T.; Barnes, Rl.@lloys
Compd.1997 259 74.

(36) Wipf, H.; Kappesser, B.; Werner, R.Alloys Compd200Q 310 190.

(37) Palumbo, G.; Doyle, D. M.; El-Sherik, A. M.; Erb, U.; Aust, K. T.
Scr. Metall. Mater.1991, 25, 679.

(38) Brass, A. M.; Chanfreau, AActa Mater.1996 44, 3823.

(39) Tsuru, T.; Latanision, R. MScr. Metall.1982 16, 575.

(40) Abdul-Hamid, O. SDiffusion of Hydrogen in TitaniunPh.D. Thesis
Massachusetts Institute of Technology, Cambridge, MA, 1993.

(41) Cao, Y.; Li, H.; Szpunar, J. A.; Shmayda, W. Nlater. Sci. Forum
2002 1139 408-412.

(42) Venkatraman, M.; Neumann, J. P. Rhase Diagrams of Binary
Hydrogen AlloysManchester, F. D., Ed.; ASM International: Materi-
als Park, OH, 2000; p 37.

(43) Griessen, R.; Riesterer, T. Topics in Applied Physics, Hydrogen in
Metals II; Alefeld, G., Vdkl, J., Eds.; Springer-Verlag: Heidelberg,
Germany, 1978; Vol. 29, p 73.
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to keep the memory of an Horesence for a few hours films have been shown to be strongly correlated to the

without recording devices. enthalpy of solution of hydrogen in the transition metal layer,
It should be mentioned that for application purposes, a with the higher hydrogenation rate being obtained for

good cyclability must be achieved without deterioration of AH{(Mg.NiHs) < AH{(TM) < O.

the optical contrast and the I_(i.netics of hydrogen sorptio_n. The different kinetics observed as well as hydrogen

Recent works reported a stability of these parameters durmgpmf”es in the sample are qualitatively explained using a

a high number.of.cycle_s on different systems: qt least 20 diffusion model based on the chemical potential of hydrogen
cycles on MgNi/Ti/Pd films!* 50 cycles on MegpTizo/Pd in the metallic layers.

films,*> and even 450 cycles on MNi/Ti-buffer/Pd , o o .
trilayers? This model ca_m be usefu[ for designing 'Fhm f|Ims. WI'[.h
Nevertheless, a more complete model taking into account@dapted properties, depending on the required applications
(i) the 10 nm catalytic Pd layer, (i) the influence of surface ©f these optically switching devices.
reactions on the kineticg, (iii) more precise values of Moreover, comparison of experiments and simulations lead
enthalpies of solution of hydrogen in the nanostructured metalto the conclusion that for some transition metals, the diffusion
layers corrected for the strains in the thin films, and (iv) the coefficients of H are different in thin films compared with
influence of hydrogen concentration on its diffusion coef- reported values in bulk metals, probably due to high
ficient are needed for improved quantitative simulations. The concentration of grain boundaries or textured materials.
films could then also be used to optically determine the Improvement of the model might enable a quantitative

perpendicular diffusion coefficient of hydrogen in different comparison with experiments and thus an easy determination
transitions metals in a manner very similar to that used by of these diffusion coefficients.
Rembhof et al. for lateral diffusioff.
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