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Cold rolling has been used as a real-time surface oxidation control method to create colored strips on
flexible substrates. By controlling the extrusion rate in real time, a variety of colored strips have been
fabricated on Ga-based liquid metal (LM) strips. X-ray photoelectron spectroscopy (XPS) analysis shows

that the surfaces of the colored strips, which were obtained through extrusion rate control of LM-Al,

iig:;i% iﬁm@';gg? consist primarily of metal oxide composites, including Ga,0s, Ga,O, Al,O3, SNO,, and In,O=. The colors
of the strip surfaces are directly correlated with the oxide film thickness. Additionally, these cold-rolled

DOI: 10.1035/d4ra03012e colored thin strips demonstrate high conductivity and have significant potential for use as conductive
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Introduction

In everyday life, the functions of conducting components are
commonly distinguished by their various colors. At present, use
of gallium-based liquid metals (LMs) as conducting compo-
nents has been attracting considerable attention in the flexible
electronics field because of their high conductivity and
flexibility."* However, LMs typically appear to be silver-white in
color because of their natural optical properties in the visible
spectrum, which makes it difficult to indicate their functions
via color in flexible electronics.* To address this issue, several
dyeing methods, including use of organic/inorganic dye coat-
ings, and electric field dyeing in solution have been developed
to add colors to LMs.”” However, as far as the authors are aware,
the existing dyeing methods are almost all based on pre-dyeing
and there is a lack of real-time controllable dyeing technologies.
Additionally, the existing coating dyeing methods inevitably
lead to conductivity reduction caused by excessive introduction
of dyes, and the electric field dyeing in solution technique is
clearly unsuitable for use in electronics fabrication.

Most recently, an accidental discovery that involved
a remarkably rapid color transition in LMs was made during the
preparation of fluorescent materials when they were mixed with
aluminum powder.® The color of the mixture changed from
silver-white, to red-brown, and eventually to black when
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flexible components with indicator functions in the flexible electronics realm.

exposed to the air. The cause of this intriguing discoloration
phenomenon was attributed to the intensive and sustained
surface oxidation process that occurs when aluminum, which
has a relatively low redox potential, is added to the LMs.>* In
addition, the striking colors of the LMs depend on the thick-
nesses of the oxide layers and the degree of oxidation that these
layers undergo. Therefore, the only question that remains to be
answered for real-time coloration control of LMs is how to
control the reaction at their surfaces accurately.

Herein, cold rolling, which is a traditional thin film prepa-
ration method,"** has been used to fabricate colorful thin
strips composed of LMs. By using the difference in fluidity
between the oxide surfaces and the liquid cores, rolling can
separate the colorful oxide surfaces from the LMs efficiently and
can also simultaneously terminate the surface oxidation reac-
tion. Through use of rolling rate control, the reaction at the
surfaces of LMs can be modulated accurately, resulting in
a visual display that reflects the precise color control. Although
most LMs are squeezed out through rolling, the residue that
remains below the colorful oxide surfaces still maintains
incredibly high conductivity, which indicates the great potential
of this technique for use as a real-time coloration method for
fabrication of colored conductive components in flexible
electronics.

Experimental

In the experiments, a pure Al (99.8 wt%) block was used. The LM
(Gagy.5Iny, 5Sny6) was obtained by mixing the ingredients in
a water bath at a temperature of 50 °C for 20 min. The pure Al
sinks into the LM and ultrasonic treatment (100 W L") was
performed for 5 min to dissolve the Al element into the LM. The
detailed preparation process for the LM-Al metallic solution is

© 2024 The Author(s). Published by the Royal Society of Chemistry
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presented in Fig. 1. Then, LM-Al droplets with volumes of 800~
1200 pL were extracted onto A4 paper using a dropper. The
temperature rises in the LM-Al droplets caused by oxidation
during the discoloration process in the air were measured using
a thermocouple and a thermal imager. Acrylic and wooden
rollers (diameter: 35 mm) with smooth surfaces were used to
avoid serious strip adhesion to the rollers during the rolling
process. Rolling rates ranging from 0.3 to 0.7 mm s~ were used
to form colored thin strips by rolling LM-Al droplets. The
macroscopic morphologies and colors of the samples were
recorded using a mobile phone. Furthermore, the microstruc-
tures of the colored thin strips were characterized using optical
microscopy (OM; Zeiss, LX-047PBT) and scanning electron
microscopy (SEM; FEI-Nova Nano SEM450). The element
valences and the components of the colored thin strips were
analyzed carefully via X-ray photoelectron spectroscopy (XPS;
PHI5000 Versaprobe III). The surface resistances of the colored
thin strips were measured using a handheld four-probe resis-
tance tester (JG M-3).

Results and discussion

Fig. 2(a) shows the color changes that occur in an ultrasonically
prepared LM-Al with a 0.0097 wt% Al droplet when exposed to
air. It is evident that the spontaneous coloration process of the
LM-Al droplet occurs very rapidly, and the droplet changes from
silver-white to dark brown in a manner similar to the passive
coloration caused by electric oxidation in the solution.® The fast
discoloration of the LM due to the addition of Al creates a solid
“skin” on the LM surface. As illustrated in Fig. 2(b), this solid
“skin” can be peeled off through the cold rolling process. When
the liquid core of the LM-Al droplet is extruded along the
extrusion direction, the extrusion end of the solid “skin” breaks
down and the solid “skin” is then peeled off, leaving a colored
solid strip on the substrate. As a result of the reaction depen-
dence of the LM-Al droplet, when the liquid core is extruded out,
the surface reaction stops immediately, and the strip retains the
color of the LM from the period before the extrusion. Addi-
tionally, the extruded LM-Al droplet will continue to react
rapidly with the air and regenerate the solid “skin” on its
surface. Clearly, the surface color of the strip can be adjusted by
controlling the extrusion rate of the LM-Al droplet.

Fig.1 Preparation of LM-Al by ultrasonic treatment through cavitation
induced by metallic jets surface erosion on Al surfaces.
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Fig. 2 (a) Surface oxidation reaction-dependent coloration of LM-AL
(b) Schematic illustration of the extrusion rate-controlled real-time
coloration of LM strips.

A schematic image of the rolling device used in this study is
presented in Fig. 3(a). By using specific extrusion rates and
applying specific pressures to the roller, a series of colorless/
colored strips can be obtained, as shown in Fig. 3(b) and (c).
After multiple attempts, it was found that when the extrusion
rate reached approximately 0.7 mm s, the color of the strip
(sample I) obtained was silver-white. A thin, flat layer similar to
that obtained from Ga spontaneous oxidation could be
observed on the strip via SEM, as shown in Fig. 3(d). When the
extrusion rate was reduced to 0.3 mm s ', a brown strip (sample
II) was obtained. Using real-time extrusion rate control,
a “zebra” colored strip (sample III) with silver-white, brown, and
black stripes could be obtained easily. Microscopic morphol-
ogies show that these colorful strips have higher fluctuations
and more layers when compared with the colorless layer, as
shown in Fig. 3(e). Additionally, a cross-sectional view of the
colored/colorless strips is presented in Fig. 3(f). The images
show that the thicknesses of the colorless/colored strips that are
peeled off by rolling are approximately 300-400 pm in thick-
ness, with high roughness. The line scan results acquired by
EDS indicate that metal oxidation mainly occurs in the colored
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kheAl gSample ||g_;; c ﬁ !
—% -

Fig. 3 (a) Schematic image of the rolling device used for real-time
coloration control of the LM strips. (b) Extrusion rate control used to
obtain the colored strips. To better distinguish the three curves, the
extrusion rates of samples | and Il were adjusted upwards by 0.01 mm
s71 (c) Coloration characteristics of LM-Al strips with various extrusion
rates (samples I, Il and 11). (d), (e) Surface microstructures of the silver-
white and brown colored strips. (f) Cross-sectional view of brown
colored strip and its line scanning results.
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strips, as shown in Fig. 3(f) and S1(b) and (d).f Additionally,
a large amount of unoxidized LM is still present inside the
colorless strips, as shown in Fig. S1(a) and (c).T Higher oxygen
content was generally found on the surfaces of the colored/
colorless strips, which means that more thorough oxidation
occurs on these surfaces. Although the aluminum content in
the LM is extremely low, there is still significant enrichment
within the strips. Therefore, the aluminum dissolved within the
LM diffuses rapidly and spontaneously to its surface and then
undergoes oxidation, which results in the surface color changes
on the LM.

The XPS results show that the surfaces of the colored strips
obtained by controlling the extrusion rates of the LM-Al mainly
consist of metal oxide composites, including Ga,0;, Ga,O,
Al,03, SnO,, SnO, In,0;, and In,0, as shown in Fig. 4(a)-(d).
The presence of these metal oxide composites was also
confirmed by the XRD results, as presented in Fig. S2.f It was
also found that a considerable proportion of the LM-Al in the
strips was not oxidized. From the microscopic structures of the
strips, as presented in Fig. S3,T it can be inferred that the
unoxidized metal may mainly originate from the core of the LM
because of the rupturing of the surface oxide film caused by
compression and the promotion of LM upwelling along the
cracks. The XPS results also indicate that oxidation on the
surface of the LM dominates the color change on its surface."
Therefore, by controlling the degree of oxidation on the LM
surface through extrusion, effective strip color control can be
achieved. Note that the oxidation-induced color changes on the
LM occurred within 60 s. As a result, the actual oxidation
discoloration process on the LM surface is likely to be very
intense and highly complex.

Fig. 5 shows the temperature-rise curve and the infrared
thermograph of the LM-Al during its discoloration process
when exposed to air. The temperature of the entire LM rises
rapidly from room temperature to 54 °C within a few tens of
seconds and then slowly cools afterwards. As a result of the
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Fig. 4 (a)—(d) Valence states of the elements present in the surface
oxidation discoloration layer of the dark brown colored LM-Al
acquired by XPS.
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Fig. 5 Temperature-rise curve of LM-Al during the discoloration
process in air, with an inset infrared thermograph of the character "Z".

significant volume difference between the oxidized surface and
the entire LM, the transient temperature rise in the LM surface
may reach several hundred degrees Celsius, thus confirming
that the highly intense oxidation reaction is localized on the
surface of the LM. Consideration of the highly complex metal
oxide composites and the gallium nitride that are rapidly
formed on the surface of the LM indicates that the LM surface
reaction could potentially be applied to the synthesis of chal-
lenging materials.

Fig. 6(a) clearly illustrates the relationship between the
extrusion rate and the strip color. When the extrusion speed is
sufficiently high (0.7 mm s™), the oxide layers obtained on the
colorless strips should be very thin. As reported in the litera-
ture,™ because of the spontaneous diffusion of Al to the surface
of the LM, the main oxide component on the surface was
initially alumina. As a result, alumina films have been used to
reveal the optical properties of the color changes in the strips.
Alumina films with thicknesses of 100 to 300 nm were used to
calculate the reflectivity. The bottom of the Al,O; film is
simplified and treated as a mirror reflection layer. In addition,
plane light with a wavelength range from 400 to 800 nm was
used to illuminate the Al,O; films vertically. According to the
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Fig. 6 (a) Schematic illustration of extrusion rate-controlled real-time
coloration of the LM strips. (b) Calculation results for the reflectance of
the alumina film on the Ga surface. (c) Optical images of colored strips
with various colors obtained using extrusion rates where V < Vj; the
colors of the strip surfaces marked at points | to V are converted using
the CIE-L*a*b* (1976) colorimetric system. (d) Thick strip with porous
structure and its light trapping mechanism. (e) CIE chromaticity
diagram of correlation for extrusion rates with colors.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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calculation results, when the alumina film thickness is less than
100 nm, the film appears to be almost fully transparent within
the visible spectrum, as shown in Fig. 6(b). At this point, the
color of the strip that was stripped by the extrusion process
mainly comes from the color of the residual LM inside it, which
is silver-white. If the extrusion rate that corresponds to the
generation rate of a very thin and completely colorless oxide
layer on the LM-Al is defined as V,, various colors can theoret-
ically be obtained by reducing the extrusion rate such that vV <
Vo. The calculation results show that when the oxide film
thickness is within the range from 200 to 300 nm, the film will
exhibit blue, red, and yellow-green color changes in sequence
because of the interference effect. These color changes have
been observed in the strips that were extruded and peeled off at
different extrusion rates, as shown in Fig. 6(c). Additionally, the
CIE-L*a*b* values marked from points I to V on these strips are
presented in Table S1.7 As the extrusion rate is reduced further,
the oxide film on the LM continues to grow, and the amount of
oxygen that enters the bottom of the film decreases; this leads to
incomplete oxidation and generation of sub-oxides such as
gallium oxide, which have a strong absorption capacity for
visible light and thus cause the strips to appear brown at this
time.*>*¢ Additionally, when the film thickness reaches a certain
level, large numbers of micro-nanoscale porous structures will
be generated inside the film. From an optical perspective,*”
these porous micro-nanoscale structures have a strong light
trapping capability. Therefore, when the oxidation reaction
ceases, the LM surface usually appears to be black, as shown in
Fig. 6(d). Furthermore, a CIE chromaticity diagram has been
provided in Fig. 6(e) to establish a correlation for extrusion rates
with colors. However, because the blue, red, and yellow-green
films have similar thicknesses, it is difficult to distinguish
them through the extrusion/peeling process. To achieve
uniform colors in the stripes, the most typical silver-white
stripes and brown stripes were selected.

Although the surface of the color strip obtained via
extrusion/peeling is oxidized, there is still a large amount of
unoxidized LM in its center, and there are also multiple cracks
on the surface oxide of the color strip; therefore, its conductivity
can still be guaranteed by the unoxidized LM extrusion from
these cracks, which forms a highly conductive network, as
illustrated in Fig. 7(a)-(d) and S3 and S4.1 As shown in Fig. 7(e),
the resistances of all the strips are very low and range from
200.0 to 600.0 mQ sq ', regardless of their colors. As a result,
the yellow-brown and silver-white colored strips were used and
were bent to form flexible positive and negative electrodes,
which enabled successfully lighting of a green light-emitting
diode (LED) as shown in Fig. 7(f). It is evident that these
differently colored strips can be used to differentiate effectively
between the various conductive components contained in
a flexible circuit.

Note that the lightly colored strips have fully oxidized
surfaces when they present colors such as blue, red, and yellow-
green based on the light interference. Under these conditions,
because the reaction has already been completed quite thor-
oughly, color changes will not occur over time. For the dark
colored strips, however, some of their color properties are

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a) to (d) SEM images for strips with various colors (e) surface
resistance characteristics of strips of various colors. (f) Light-emitting
circuit constructed using flexible strips of different colors. The inset
image shows the circuit diagram (bottom left).

dependent on absorption of light by the unstable protoxide, and
thus some fading will occur over time. Furthermore, the colored
strip prepared in this work is relatively fragile and is prone to
scratching. Therefore, a protective film will be required to
prevent fading and scratching of these colorful strips in future
work.

Conclusions

In summary, we have presented a real-time color control
method for fabrication of LM-based strips through cold rolling.
By controlling the extrusion rate, LM strips with various colors
can be obtained. XPS results indicate that the surface of the
dark brown colored strip is mainly composed of metal oxide
composite materials, including Ga,03, Ga,0, Al,O3, SnO,, and
In,03, thus confirming that oxidation is the dominant factor in
the surface color change. Furthermore, a highly intense oxida-
tion reaction that is localized within the LM surface during the
discoloration process is reported here. Through calculation and
analysis of the oxide film thickness, it is observed that strips
with thicknesses of less than 100 nm appear silver-white (cor-
responding to an extrusion rate of 0.7 mm s~ ). When the film
thickness ranges between 100 and 300 nm, the films appear
with colors such as red, green, and blue. When the film thick-
ness exceeds 300 nm (corresponding to an extrusion rate of less
than 0.3 mm s~ "), the surfaces of the strips appear to be brown
or black as a result of the formation of large numbers of sub-
oxides and porous trapping structures. This work shows great
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potential for use in fabrication of conductive flexible compo-
nents with indicator functions in the flexible electronics field.
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