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The design of new smart pigments with a strong colour change in a given temperature (T) range turns
out to be often very time-consuming and costly. Based on this observation, we propose here a cheap
solution consisting in the mixing in appropriate amounts of a semiconductor and a d-d transition based
pigment. The former exhibits a strong temperature dependence of its optical gap while the second
presents a null or moderate evolution of the positioning of its absorption band with T. This results in the
generation of various reversible thermochromic effects with control of both the temperature transition
and the hue in the low and high temperature stages. An example will be devoted to the reproduction of

;;eg:;z;?ipigment the Al,_xCryO3 corundum behaviour in the 20—200 °C domain with a BiO3—LiCoPO4 blend. The
Semiconductor proposed recipe, easily extrapolated to a wide range of colour changes, is only based on the well known
d-d Transition subtractive colouring model, and the evolution of the chromatic coefficients of each ingredient with T.
Oxides This opens up the door to the development of a new generation of thermochromic pigments with
Thermochromism unsaturated colours for potential applications as temperature indicators.

Subtractive synthesis

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Thermochromic materials are materials which colour changes
upon cooling or heating [1—6]. This property concerns both organic
and inorganic substances but only inorganic compounds will be
discussed in the following for convenience. Thermochromism is
avery exciting phenomenon because it is observed with naked eyes
and can give rise to many applications, not only as temperature
indicators for fun (smart textile, cosmetics, paints...) but also as
smart pigments to fight against counterfeiting (security inks for
money, clothing, watches, software and pharmaceutical pack-
aging...), danger alert markers (hot-plates, alarm sign for thermo-
mechanical fatigue in turbine engines or gas turbines, cold chain
rupture...), and cheap switchable glasses with automatic control of
the light transmission under solar illumination induced heating...
The colour change can be continuous or abrupt with temperature,
reversible or irreversible depending on the nature of the materials,
the temperature range and the colour origin. By essence, it has to be
emphasized the fact that any pigments and coloured inorganic
compounds can give rise to thermochromism since colour is
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associated with electronic transitions from a ground state to an
excited state which position in energy are correlated to the elec-
tronic charge distribution in the solid, i.e. the contraction/expan-
sion of the inter-atomic distances. The inorganic pigments are
mainly coloured from two different electronic transfers [2,7—9]: (i)
intra-atomic transfer occurring in transition metals, for instance,
while they are submitted to a ligand field inducing d-orbitals
splitting, (ii) inter-atomic electronic transfers as occurring in
semiconductors considering the electronic charge transfers
between the oxygen anions and the cations can be schematized by
band diagrams.

For intrinsic (undoped) semiconductors, colour originates from
the promotion of electrons from the valence band to the conduction
band. For such materials, the hue can move from black to red,
orange, yellow and white versus the energy gap. Violet, blue, cyan
and green colours cannot be generated in such materials except via
the insertion of defects or dopants. As the optical gap is commonly
directly related to orbital overlaps between the constituents,
a temperature-induced volume expansion will go along with longer
inter-atomic distances, a lesser covalence of the chemical bonds,
and a regular decrease of the optical gap with temperature. Hence,
the continuous shift from yellow (at 20 °C) to red (at 300 °C) in
BiVO4 can be explained for instance. Theoretically, the inverse
effect, i.e. an increase of the gap with T, could appear for few
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materials with negative expansion coefficients. Practically, the
major drawback of semiconducting materials lies in the difficulty to
associate a temperature with a hue with a good accuracy even with
the use of a colours chart.

For the materials with intra-atomic parity forbidden d-d transi-
tions, the crystal field is directly influenced by the thermal
expension. The archetype of such a material is Cr>* doped «-Al,03
which exhibits the ability to transit from red to green (via a very
brief intermediate grey state) upon warming at a well defined
temperature depending only on the Cr:Al ratio. Hence, according to
Akabori and Kushi [2], the colour change may take place
between —183 °Cand 377 °C for Cr concentrations ranging between
58% and 2%, respectively. This green to red colour change via a grey
intermediate hue is plenty efficient besides human eye vision [10].
So far, this colour change is associated with a displacement towards
low energies of the A, — “T, and %A, — Ty spin allowed transi-
tions with temperature in relation with a decrease of the ligand
field splitting of the Cr>*+ d-orbitals directed by an enhancement of
the Cr—O inter-atomic distances [2,11,12]. Unfortunately, the low
refractive index of o-alumina coupled to the weak oscillator
strength of the Cr>* parity forbidden d-d transitions of powdered
red ruby lead to pale colours without major interest for industrial
applications.

Besides, thermal expansion, phase transitions produce a ther-
mochromic phenomenon. Namely, a large number of mercury
containing salts exhibits the propensity to transit towards a new
allotropic form with temperature with significant change in the
structure arrangement leading to an important colour change. Let
mention for instance Hgl, which shifts from red to yellow at 127 °C,
AgoHgly which transits from a yellow state to an orange one at
50 °C, etc. Nevertheless, the most developed thermochromic
pigments based on this phase transition phenomenon remains,
without any doubt, vanadium dioxide and its doped derivatives.
These materials received much attention due to their potential
application as thermal insulator coatings in smart windows in
connection with a reversible temperature driven insulator-metallic
transition [13—19]. More recently, the authors reported investiga-
tions on AMoO4 compounds and their W doped derivatives (A = Cu,
Co). These materials evidence very interesting thermochromic (and
tribochromic) properties in relation with change of the coordina-
tion number of molybdenum at the transition temperature.
Unfortunately, they exhibit a poor cyclability: a material with high
cyclability being a material which can be used many times without
properties deterioration. Herein, the poor cyclability is likely
assigned to a too large cell expansion (contraction) at the transition
under heating (cooling). This causes cracks within grains which
finally lead to the stabilization of the high temperature form only
after several heating/cooling cycles [20—26]. In brief, the major
limitations of thermochromic materials based on a phase transition
concerns usually their natural temperature hysteresis (transition
temperatures on heating and cooling different) and their propen-
sity to fatigue under cycling.

Even if smart pigments have been intensively investigated, it
remains a hard task to anticipate the evolution of the chromatic
coefficients of inorganic materials with temperature. In other
terms, this makes complicated the ex-nihilo design of new ther-
mochromic pigments for specific applications with harsh requisites
concerning the temperature transition and the colour characteris-
tics in the low and high temperature state in a given temperature
domain. This leads us to propose a simple model to prepare
reversible and cyclable thermochromic mixtures. Our choice was
made on the assembly of a semiconductor and a d-d transition
based pigment, the former exhibiting an a priori strong tempera-
ture dependence of its optical gap while the latter presenting a null
or a moderate evolution of the positioning of its absorption band. In

the following, we will illustrate the setting-up procedure to
reproduce the red to green transition of ruby for a potential
application at 200 °C. This red to green change is of a capital
importance in our every day life, the green and the red colours
symbolizing in the collective unconscious permission and inter-
diction, respectively. Our approach may be easy extrapolated to
others requisites by choosing the appropriate pigments in the right
amounts. This will lead systematically to unsaturated colours, but
contrasts are sufficient when heated or cooled to be distinguishable
with naked eyes. In the coming paragraphs, we will report on the
thermochromic effect of Bi,03—CoAl;04 and Bi;O3—LiCoPOy4
mixtures which shift from cyan to green and from magenta to
green, respectively. Thereafter we will extend our investigation to
the V,05/Cr,03 mixture which transits from red to green with T.
This highlights the multiple possible extensions based on our
reasoning.

2. Background

Based on the subtractive colour synthesis principle, it is well
known that the combination of a yellow pigment with a cyan one
can lead to a green mixture with a colour strength depending on
the relative ratio of the ingredients. In a similar way, the combi-
nation of a yellow pigment with a magenta one can generate a red
mixture. Let us now mix a white or yellow pale pigment, namely
a semiconductor with an optical gap of 3.0 eV, with magenta or
cyan pigments. Then, the colour of the blend should shift from pale
magenta or pale cyan to red or green with temperature, respec-
tively, the optical gap of the white pigment decreasing of about
0.2 eV going from 20 °C to 200 °C. Namely, for almost
semiconductors, the optical gap is submitted to a red-shift when-
heated (the colour is shifted according to the sequence
white — yellow — orange — red — black). Experimental models
have been proposed to account for the evolution of the forbidden
gap (Eg) with temperature (T) in these materials. Hence, Varshni
suggested a fit of the EgT) curve with the equation,
Eg(T) = Eg(0) — AdT?/(T + B), where Eg and Tare expressed in eV and
K, E¢(0) is the optical gap at 0 K, and A and B are adjustable semi-
empirical values depending on the considered material. [27—29].
Typically we estimate that a variation of 0.10—0.15 eV of Eg per
100 K difference is reasonable. This is a change of colouration
versus temperature clearly more important than the one observed
in ruby in the 0—400 °C temperature estimated around 0.02 eV
[1,2]. Thus, the temperature-induced colour change is supposed to
be much more pronounced in a semiconductor than in coloured
compounds where d-d transitions are at work. In the following, we
have chosen Bi;O3 as the white pigment.

What about the choice of the cyan and magenta pigments? It is
interesting to notice that the colours of cobalt II (d”ys configura-
tion) based pigments strongly depends upon the coordination of
the chromophore. Commonly, pink to purple hues are associated
with cobalt in octahedral coordination (e.g. LiCoPO4), while the
blue colour is generated by cobalt at tetrahedral site (e.g. CoAl;04).
Reflectance spectra of compounds with Co ions in octahedral site
are commonly characterized by a broad absorption band around
560 nm assigned to a *T1g-(3ge7) — *T1g-(t3ge3) transition splitting
into bundles due to multiplet coupling [30—34]. The
4T1g~(t§ge§) — 4A2g(t3ge‘g1) and 4T1g-(t§ge§) — 4T2g~(t‘21geg) transi-
tions do not contribute to the colour, the former being a two
electron transition, the latter being systematically localized in the
near infra-red. Samples with cobalt at tetrahedral sites exhibit
usually three absorption bands peaking at about 550, 580 and
620 nm assigned to *A,-(et3) — 4Ty-(3t3), “Az-(e?t3) — T;-(7t))
and *A;-(e*3) — “T;-(e’83), respectively [38,39]. Due a lesser
hybridization of the d-orbitals of Cobalt and those of the ligand, the
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position change of the absorption bands of the chromophore are
less impacted with T than in semiconductors, even if the Tanabe
and Sugano diagram suggests a red-shift when T increases. More-
over, we may predict that the colour change with T° (if it exists) will
be more pronounced for octahedral sites than for tetrahedral sites
due to a lesser covalence (rigidity) of the metal-ligand bonds for
octahedra than for tetrahedra, and because the ligand field splitting
of octahedral sites is almost two times superior to the ligand field
splitting of tetrahedral sites (which suggests that a small change in
the inter-atomic distance will have more impact).

3. Experimental
3.1. Synthesis

All raw materials used are purchased from Aldrich. CoAl;04
was synthesized by solid-state route from a-Al,03 and Co304 at
1200 °C for 20 h. LiCoPO4 was prepared from Li;CO3, Co304 and
(NH4)H,PO4 at 800 °C for 12 h. The chemical and structural
behaviour of the spinel oxide and lithium—cobalt phosphate were
already fully characterized (via XRD, ICP...) in previous authors’
works [35—-37].

3.2. Reflectivity measurements at RT

Room temperature UV—vis diffuse reflectivity spectra were
collected from a finely ground sample on a Cary 5G spectrometer
(Varian). This instrument was equipped with a 60 mm diameter,
polytetrafluorene coated integrating sphere. Diffuse reflectivity
was measured from 200 to 2000 nm with a 1 nm step using Halon
powder (from Varian) as reference (100% reflectance). The
absorption («/S) data were calculated from the reflectivity using the
Kubelka-Munk transformation: «/S = (1 — R)?/2R, where R is the
reflectivity at a given wavelength, « is the absorption coefficient,
and S is the scattering coefficient. The latter was supposed to be
particle size independent, as expected for particles with diameter
larger than a few micrometres. Practically, optical gaps were
determined after a Kubelka-Munk (KM) transformation of the
reflectivity spectrum as the intersection point between the energy
axis and the line extrapolated from the linear portion of the
absorption threshold.

3.3. Temperature dependent reflectivity measurements

The evolution of the reflectivity with temperature of BiOs,
CoAl,04 and LiCoPO4 was carried with a home-built instrument
equipped with a CVI spectrometer and a tubular furnace. Time-of-
fly acquisition was monitored in the 400—1000 nm region at
a2 K min~! heating rate.

3.4. Determination of the chromatic parameters

Powders were deposited on a hot-plate and L*a*b* parame-
ters were calculated from RT up to 200 °C with a Konica-Minolta
CM-700d spectrophotometer equipped with a PTFE coated
integrating sphere. A white calibration cap CM-A177 (ceramic)
and the standard D65 (Daylight, colour temperature = 6504 K)
with a 10° observer angle (CIE Konica-Minolta1964) were used
as the white reference and illuminant, respectively.

4. Results and discussion
Bi»Os3 is a wide gap semiconductor with a pale yellow colour-

ation and a steep absorption threshold at about 2.8 eV at room
temperature. The evolution of its reflectance spectrum with
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Fig. 1. (a) Evolution of the reflectance spectra of Bi,O3 versus temperature between
room and 200 °C. (b) Kubelka-Munk transformed reflectance spectrum of Bi,Os at
room temperature.

temperature is given in Fig. 1a for increasing temperatures up to
200 °C with the KM transformation at room temperature in
Fig. 1b. A gap decrease rate of 1.3 eV/°C can be calculated. The
chromatic coefficients of BiO3 at 20, 100 and 200 °C are given in
Table 1.

The KM transformed spectra of CoAl;04 and LiCoPO4 at room
temperature are displayed in Fig. 2. Spectra evidence the
aforementioned characteristic features of Co®* cations with a d’
high spin configuration for tetrahedral and octahedral sites,
respectively. The evolution of R(T) for CoAl,04 is not significant.
At the opposite, LiCoPO4 presents an enlargement of the d-d
absorption band with temperature (Fig. 3): the absorption band
ranging from 480 to 620 nm at room temperature progressively
encroaches on the orange domain of the reflected light
(red-shift) while displacement towards low wavelength (blue
shift) is much less pronounced. The increase of the octahedral
d-d band intensity (and so, absorption window enlargement for
LiCoPOg4) could be issued from the increase of the octahedral site
distortion versus temperature: indeed, the thermal vibrations
can induce the disappearance of the octahedral symmetry
centre, leading to the increase of the d-d transition probability.
The consequence is a progressive shift in colour of LiCoPO4 from
dark pink to violet upon heating, the "blue" contribution being
reinforced at the expense of the "red" one. Fig. 4 gathers
photographs of Bi;03, CoAl,04 and LiCoPO4 at 30 °C and 200 °C.
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Table 1
Evolution of the Lab colorimetric parameters of Bi;O3, LiCoPO,4 and a Bi»03/LiCoPO4
mixture with temperature.

T(°C) ~20°C 100 °C 200 °C
L 97 92 88

a -6.5 -11.5 -14.5
b 24 58 81
Obtained colours

T(°C) ~20°C 100 °C 200 °C
L 41 39 37

a 34.5 31 28

b —49.5 —48 —48

Obtained colours

T(°C)
L

a
b

Obtained colours

Based on these observations, let us consider now the colour
mixing law.

Since the Bi»O3 semiconductor is pale yellow, its addition to
a blue pigment as the spinel CoAl,04 (i.e. a pigment absorbing in
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Fig. 2. Kubelka-Munk transformed reflectance spectra of (a) CoAl,04 and (b) LiCoPO,4
intra-atomic transfer pigments.
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Fig. 3. Evolution of the reflectance spectra of LiCoPO,4 versus temperature between
room and 200 °C.

the red-orange region), an unsaturated green colour can be ach-
ieved upon heating. Four Bi»O3/CoAl,04 mixtures were prepared
with different mass ratios. Photographs of these blends at 20 °C and
200 °C, as well a schematic representation of the colour evolution
mechanism, are depicted in Fig. 5. As expected, the contrast can be
adjusted at will by playing with the concentration of the precur-
sors. At room temperature, the mixture absorbs only in the 1.6—2.4
region and above 2.8 eV leading to a blue-cyan colour. When
temperature is raised, the absorption threshold of Bi,Os is displaced
towards low energy, and only the "green light" is reflected. Actually,
the red-shift of Bi,O3 gap — about 0.2 eV between 200 °C and room
temperature —, induces an important decreases of the reflected
blue wavelengths. Hence, even if the intrinsic colour change of
Bi»O3 oxide powder with temperature is not very important, the
disappearance of the blue component of the BiO3—CoAl;04
mixtures is drastically detected. A cyan — green — yellow
sequence is then obtained for the Bi,O3—CoAl,04 mixtures. Let us
now replace the blue CoAl,04 pigment by the magenta LiCoPO4
one. Numerous mixtures of the two Bi»O3 and LiCoPO4 compounds
were made with various weight ratios. Fig. 6 shows the colour
change in temperature of three Bi»O3/LiCoPO4 mixtures. An opti-
mized composition (in terms of contrast) was established a 60 wt%
of bismuth oxide composition but this choice strongly depends on
the observator. The evolution of the Lab parameters of BiyOs3,
LiCoPOg4 and the LiCoPO4:Bi;O3 optimal mixture is given in Table 1
with a coloured rectangle as reference. Again, it appears clear that
the juxtaposition of a thermochromic semiconductor with a d-
d temperature stable pigment strongly reinforced the colour
change of the semiconductor alone. Indeed, in a quite restrict
temperature range, the complete sequence pink — grey — green is
observed. Actually, the efficiency of the mixture is dependent on
subtractive colour system rules as for ruby compounds. Indeed, the
optical contrast between room temperature and 200 °C, calculated
as AE = (AL*? + Aa*? + Ab*2)!2, is not stronger for the mixture than
for the Bi»O3 semiconducting powder alone. This observation only
shows that the human eye is more sensitive to pink — green
sequence than to the white — yellow sequence, even if these two
sequences exhibit comparable optical contrasts. Here it can be
reminded that as previously demonstrated, the historic observation
of the thermochromism effect on ruby system is due to the eye
sensitivity to the red to green translation via an achromatic hue
(grey). However, the colour strength of the so-prepared mixing,
where the overall absorption is related both to a charge transfers
and d-d intra-atomic transitions, is significantly increased in
comparison to ruby. Consequently, this opens up the door to the
manufacturing of new thermochromic pigments with a large panel
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Fig. 4. Photographs of Bi,03, CoAl,04 and LiCoPO,4 at room temperature and 200 °C.

Fig. 5. Photographs of various Bi;03/CoAl,04 mixtures at room temperature (top) and 200 °C (bottom) (the notation A, B, C and D corresponds to decreasing Bi,O; weight

percentages).

of accessible colour and temperature transition domains. Typically,
if we focused so far on the red to green transition by analogy with
ruby, the opposite green to red transition can be envision by mixing
an orange semiconductor (e.g. V,05) with a green pigment (e.g.
Cr,03). Pictures of V,0s5, Cry03 and V,05/Cry03 mixtures at 20 and
200 °C are given in Fig. 7 with an over-simplified model of the
thermochromic effect.

This study is non exhaustive and numerous mixtures can a priori
produce an emphasis effect of the colour switch of a thermochro-
mic substance by an appropriate association with another pigment.
By the way, the association of a thermochromic semiconductor
with further crystal field pigments allows an infinite number of
combinations thus thermochromic colourations which can be
adjusted at will.

Fig. 6. Photographs of various Bi;O3/LiCoPO4 mixtures at room temperature (top) and 200 °C (bottom) (the notation A, B, and C corresponds to increasing Bi,O3; weight

percentages).
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Fig. 7. Photographs of a) V,0s, b) Cr,05 and c) various V,05/Cr,03 compositions at room temperature (top) and 200 °C (bottom) (the notation A, B and C corresponds to increasing

V505 weight percentages).

room 200°C
R255 R255
G255 G255
A |B200 B000
B
Trans.50% Trans.50%
A
+
B

Fig. 8. How to easily produce with pastilles with the reported RGB parameters the as-
ruby thermochromism of one semiconductor — crystal field pigment mixture (*see
tutorial of the supplementary file).

5. Conclusion

The large variation versus temperature of the band-gap of
semiconductors was associated with an appropriate additional
pigment (with colouration based on d-d transition) in order to
obtain optimized and reversible thermochromic mixtures. The
efficiency of the additional pigment was explained through the
colour system rules, an analogy with the well known ruby system
being chosen as a base for discussion. It can be proposed to the
reader to perform on power point or other software the colour
sequence reproduced on Fig. 8 to improve the demonstration. To
produce such Fig. 8 colour sequence, one has to see the tutorial
joined at the end of the paper. Finally, since an infinite number of
mixtures can be prepared, it has to be noticed that this work opens
the possibility to prepare an infinite palette of new thermochromic
inorganic systems with improved optical contrast on shorter
temperature range.

5.1. Tutorial

The Fig. 8 of the manuscript can be used as a tool in order to get
new ideas to develop new pigments mixtures with high colour
variation versus temperature. The principle is that a pigment
mixture colour can be, in first approximation, easily simulated as
the superimposition of two drawn squares (using a draw soft) with
the one being back with 0% of transparency and the one being front
with 50% of transparency.
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With the Microsoft Power Point or Word softwares or

equivalent,

- In the drawing tools bar, select the square shape and creates 6
equivalent squares as in the Fig. 8.

On each square, in order to control the colour, press on the
mouse’ right button and define the shape colour using tab
“more Fill Colours” item or “colour options” tab depending on
the soft version.

Enter the R, G and B desired levels for the each six squares.
For the two B composition squares, thanks to the transparency
bar, set the transparency to 50%.

To get the two A + B squares (Fig. 8, third line) you have to fill
the two squares with the same R, G, B values than for the two
corresponding A compositions squares.

Then copy and paste the two corresponding B composition
squares on this A + B squares in respect of their column.
Using various colours depending on your imagination/crea-
tivity, feel free to try to obtain a more drastic optical contrast
between the two A + B squares trying in the same time, to
decrease the optical contrast between the two A squares and
the two B squares. In the case of you are happy with your own
results; synthesize new inorganic pigments to reproduce
experimentally your colour effect.
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