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Abstract

The temperature dependent optical properties of certain thin films are used in so-called thermochromic devices. As an alternative to a single
layer of, e.g. V@, which displays a temperature dependent optical transmission, we propose the use of an encapsulated metal-hydride bilayer
(i.e. a switchable mirror and a hydrogen storage layer). Due to differences in the thermodynamic properties of the two metal-hydride layers, a
temperature change results in the migration of hydrogen from one layer to the other, thereby changing the optical properties of the switchable
mirror metal-hydride. Depending on the materials chosen the transition can be optimized for transmission, reflection or absorption. Hence,
the use of metal-hydride bilayers allows the fabrication of a thermochromic absorber. The thermodynamical background and the first results
of such an all-solid-state thermochromic device are presented.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction voltaic cell on top of a thermal solar collector — by keeping
its operational temperature within practical limits.

The optical properties of thermochromic layers are tem-  For the active layer of the thermochromic device we
perature dependent. As a result, such layers can be used ichoose a switchable mirror layer which changes its optical
smart windows to control the temperature in, e.g. buildings, properties upon absorption of hydrogen. This phenomenon,
satellites, or cars. Thermochromic windows are usually basedthe reversible change from shiny reflecting to transparent, first
on VOy, which, due to a metal—insulator transition, changes has been observed in Y and La thin filfi2§. All rare earth
at~68°C from reflecting at high temperature to transparent (RE) metals and their alloys with Mg were found to switch op-
at low temperature at wavelengths larger than 600 nm (i.e. tically [3] and furthermore Richardson etf@] demonstrated
hw < 2.1eV)[1]. that Mg—TM (TM: Ni, Co, Mn, Fe) also act as switchable mir-

We propose a much more versatile thermochromic device rors. Giebels et al5] showed the thermochromic effect in
consisting of a metal-hydride bilayer. By choosing a suit- an open system at 1 bantyas pressure in RE and RE-Mg
able material couple the change in optical properties and thethin films capped with Pd. Here, we propose the use of an
transition temperature can be adjusted to the desired requireencapsulated bilayer as a closed thermochromic system with
ments. For example, the use of a metal-hydride bilayer allows MgzNiH, as the active layer. Beside a shiny metallic state
the fabrication of a thermochromidsorber. Such a coating  at low hydrogen concentrations and a transparent state when
is black and heat absorbing at low temperatures while re- fully loaded to MgNiH4, Mg2NiH . exhibits a third opti-
flecting at high temperatures. It could be used to optimize the cal state at intermediate hydrogen concentratj6hdn this
efficiency of hybrid solar collectsr— a d&ice with a photo- state, reflection is lowK < 25%) and transmission is neg-

ligible (T < 0.01%) over the entire visible spectrum, hence
the film appears black. The origin of this unusual state lies
in the hydrogenation mechanism of the film: the nucleation
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tuitively expected, close to the Pd cap lajr For achieving transfer process. In equilibrium, the chemical potentigds
the black state, only a hydrogen concentration change in theandug of the two layers A and B are equal:

first 30 nm is necessary. Therefore, jigH, can be used

as the active layer of a device that changes its optical ap-#A = 4B 1)

pearance from black to reflecting by a small reduction of its Using the Bragg—Williams approximatid8], the chem-

hydrogen content. Specifically, for a 200 nm MgH, film jca| potential of hydrogen inside metal A can be described
to be in the black state, the average hydrogen concentratlorby:

equals [H])/[MgNi]=0.8 (30 nm of MgNiH4 and 170 nm of
Mg2NiHg 3). . XA XA

In the following, we discuss the thermodynamic proper- Ha =K'l ()Cf’A — xA> teatan (xm) @
ties which determine the behavior of an all-solid-state ther-
mochromic absorber device. To test our ideas, we consider
for simplicity a device consisting of a transparent substrate, a
Mg2Ni/Pd bilayer and a hydrogen impermeable Cu cap layer.
We present also the first results of its temperature dependen
optical properties.

Here, xa is the number of H-atoms dissolved per formula
unit andxs a is the number of the relevant interstitial sites
per formula unit, i.exs a is equal to the value ofa, when
he saturation composition is reached.is the energy of a

-atom in the metal host A andgly is the H-H pair inter-
action.k denotes the Boltzmann constant @nthe absolute
temperature.

The parametergs andep can be roughly estimated from

pressure—composition isotherms, since the pregscaa be
described9,10] by:

2. Thermodynamic model

An all-solid-state thermochromic device consists of two
metal-hydride layers, of which at least one is a switchable XA 2 XA 1
mirror. The system is sealed by a hydrogen impermeable cap " (?) = 211 (xf A—XA> T <6A +an (XfA) B 26b>
layer. As the temperature is raised, the chemical potential of | ’T ' 3
the hydrogen increases together with the dissociation pres- +In(po(T)) (3)

sure, albeit differently in the two metal-hydride layers due Here, ¢y, represents the binding energy of the Molecule

to a different formation enthalp /7. Note, that in general, (¢, = —4.46 eV). In the case of hydrogen, we can approxi-
the temperature dependence of the plateau pressure is promate po(T) by [11]:

portional toA H. In an open system, hydrogen would leave
the two layers, however this is prevented by the hydrogen im- Ty — T "z 4
permeable cap. As a result, hydrogen is redistributed amonng( )= 9.13 ()
the metal-hydride layers until the chemical potentials of the
two layers in contact are equdlig. 1 presents a schematic
picture of the mechanism. The migrating hydrogen induces
a change in optical properties of the switchable mirror layer.
For a quantitative description, we consider the thermody-
namic properties of the two layers involved in the hydrogen ., .: — xoNa + xgNg (5)

wherepg(T) is in bar andr" in Kelvin.

In a sealed bilayer consisting of a layer A and a layer B,
the total amount of hydrogeNyot is constant and equal to
the sum of the hydrogen content in layer A and B, i.e.:

wherexp g is the concentration of hydrogen in layer A or

ltotal amount of H _ : .
B and Na g is the amount of material A or B in formula

4 T T T T
AatlowT === -BatlowT ,‘,1 units. Using Eqs(1), (2) and (5)the hydrogen concentration
21 = = Aat high T —-—Bathigh T ] xa.B in one of the sublayers can be numerically calculated.
01 e e e ] This calculation is based on materials behaving as a lattice
2f =TT T T T T T Yo7 gas such as Pd, but we use it also as an approximation for
2] !‘/ complex hydrides like MgNiH,.
o -
S ol
8 y ':‘;rting 3. Results and discussion
10 1 Pressure
As an example, we study an all-solid-state thermochromic
-12 T T T T T T T T T . .. L.
0.0 0.2 0.4 0.6 0.8 1.0 device consisting of a Pd/Myli bilayer and a Cu cap layer.

Concentration x For PdH. we usext pq = 0.6,apqg = —0.20 eV[9] andepq =
_ , o , —2.36 eV, obtained from a fit of PdHsothermdq12] in the
Fig. 1. Schematic pressure—composition isotherms ofmetal—hydrldesAandt t d . id dh We obtai
B showing the hydrogen redistribution upon temperature increase in a closed emperature and pressure region considered here. vve oblain

system as a result of the differentts of the metal-hydrides. The redistri- ~ Xf,Mg,Ni = 4, EMg,Ni = .—2~42 ev andClMgzNi = —9-14 eV
bution is only symmetric itVa = Ng. from a fit of MgNiH, isotherms[13] as shown inFig. 2
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X [HIMg,NI Fig. 3. Calculated change in concentration in the;MiiH . layer of a 200-

nm MgNi/3000-nm Pd bilayer as a function of temperature together with
the accompanying change in normalized reflection at a photon energy of
1.25eV as taken frorfiL3].

Fig. 2. Pressure—composition isotherms ofJMiH , at 20°C, 30°C, 40°C

and 50°C (from bottom to top). The experimental isotherms are determined
electrochemically. The saturation of the isotherms near4 is due to H
evolution during electrolytic charging. The full lines are obtained from Eq.
(3) and the values of the parameters &ffug,ni = 4, emg,ni = —2.42€V T T T T T T
andayg,ni = —0.14 V. 1.0 4 1

(note thatA H(eV/atom)= 3(2ea + aa — ev) and 1 eV cor- 0.9 ]
responds to 96.5 kJ/mol H giving Hpg = —22.0 kJ/mol H

and A Hyg,ni = —25.1kJ/mol H). Using these parameters
the distribution of the hydrogen over the two metal-hydride
layers can now be calculated at various temperatures. Atroom
temperature (RT) we want the bilayer to be in the black state.
Hence, for a 200-nm layer, the hydrogen concentration is 0.6 4
fixed to Mg@NiHq . Since we prepare the bilayer at Rpg E————

is fixed, leavingVpg as a free parametetig. 3shows the cal- 20 40 60 80 100 120 140
culated change of hydrogen concentration in the;Nigl . Temperature [°C]

layer of a 200-nm MgNi/3000 nm Pd bilayer as a function

0.8 J

R(T)/R(25°C)

0.7 4 4

of temperature. In the same figure, we include the expected':'g' 4. Average normallzed reflection signal (channel green and blue) of the
RGB camera at various temperatures through the substrate of an all-solid-

change in reflection at a photon energy of 1.25eV taking state thermochromic device with i (100 nm) as the switchable mirror,

experimental data from Lohstroh et §13]. Increasing the Pd (1500 nm) as the H storage layer and Cu as the H impermeable layer.
temperature from 300 K to 400 K results in a reflectioim-

creasing from 14% to 23%. Since the metal-hydride bilayer
device is non-transparent, this is accompanied by a change ird. Conclusion
absorptiomA = 1 — R from 86% to 77% at 1.25eV. In com-

parison, the reflection of a 100-nm thick Y@yer increases The proposed metal-hydride bilayer thermochromic de-
from~30% to~36% (at 1.25 eV) by heating the sample from viceis aversatile system. Its optical properties can be adjusted
293 K to 353 K[1]. to the desired requirements by choosing a suitable switch-

In Fig. 4first experimental results of a device consisting of able mirror layer. If hydrogedesorption from the switchable
a sputtered 100-nm Mli/1500-nm Pd bilayer capped with  mirror layer upon temperature increase is desired, the storage
300 nm Cu are shown. The reflection was monitored in an op- metal-hydride layer should have a less negative formation en-
tical microscope equipped with an RGB camera. The samplethalpy A H than the switchable mirror layer. In that case, the
is viewed through the transparent substrate, hence we ob-increase of the dissociation pressure with increasing temper-
serve the side of the active switchable absorber layer. Beforeature is smaller for the storage layer than for the switchable
capping with Cu by pulsed laser deposition, the,MgPd mirror layer and then hydrogen migrates from the switchable
double layer is loaded with H approximately to the black mirrorto the storage layer upon atemperature increase. How-
state at RT. After deposition of the Cu, the sample appearsever, in order to have a large amount of transferred hydrogen,
still dark. InFig. 4, we show the average signal (channel green the dissociation pressures should not be too different.
and blue) of the RGB camera at different temperatures. Asthe  Using MgNi/Pd we have demonstrated the feasibility of
temperature is raised, the reflection increases and the samplan all-solid-state thermochromic metal-hydride bilayer de-
appears shiny metallic. Cooling down to RT brings back the vice, which could be used for temperature control of, for
low reflection and the dark appearance. example, hybrid solar collectors.
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