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conductivity transformation and magnetic motion

in solutiont
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Novel non-wetted/wetted floatable polyethylene/Cu and porous-Ni/Cu (P—Ni/Cu) coatings have been

designed and fabricated for anti-combination of gallium-based liquid metal alloy (LM) marbles in

solutions. Both coated LM pairs show strong anti-combination resistances even under a large extrusion

ratio. Additionally, both coatings also show strong bonding forces with LMs and are floatable on the

surfaces of LMs. Driven by electric or magnetic fields, floatable polyethylene/Cu or P—Ni/Cu coatings on

LM surfaces are guided by these external fields, and then restore the original arrangement by the surface
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tension of the LMs and buoyancy of the coatings themselves after removing external fields, by which

these coated LM marble or LM marble pair exhibit the revisable conductivity transitions and magnetic

DOI: 10.1039/d2ra04706¢c

rsc.li/rsc-advances application of LMs in solutions.

Introduction

In recent years, gallium-based room temperature liquid-metal
alloys (LMs), such as EGaln and GaInSn have been stimu-
lating great enthusiasm for research in chip cooling, floating
electrodes and robotics due to their high thermal/electrical
conductivity and large-scale changeable surface tension.'™*
Many studies on gallium-based room temperature LM robots
(generally LM marbles due to their high surface tension) are
carried out in acidic or alkaline environments, mainly because
of the regulation of the naturally formed oxide films on their
surfaces and/or the convenience of applying electric fields.
However, once the oxide layer on the surface of the LM marbles
is removed by the acidic or alkaline environment or destroyed
by mechanical force, the metal surface appears as an atomically
smooth mirror. And when these LM marbles approach each
other, they will combine together rapidly.® Owing to this, only
one LM marble is commonly allowed in a free space for the
robotic application, which obviously severely restricts their
cluster development.

The organic coating method is very effective and widely used
to avoid agglomeration of nano-scale gallium-based LMs parti-
cles.” However, at the macro-scale, micron-thick organic
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driven motion applications. This work should present a new way for the clustering and functional

coatings generally make LM marbles become insulators.®
Although highly conductive coatings like graphene can effec-
tively improve the conductivity of LM marbles, these organic or
graphene coatings will fall off the surface of LM marbles rapidly
when they are submerged in the acid or alkaline solutions due
to the dissolution of the viscous oxide layer on LM marbles.® As
a result, both the conductivity and the bonding stability to LMs
of the anti-combination coatings should also be considered in
the solution.

As reported, Cu, Ag, Ge et al. can be highly wetted by gallium-
based LMs in acid or alkaline solutions.’®'* Especially, Cu can
easily react with liquid Ga as CuGa,, which greatly enhances the
bonding between Cu and LM alloys.">** However, as reported,
such intermetallic wetting between Cu, Ag and gallium-based
LMs will inevitably cause irreversible internalization,' which
strictly limits their usage as coating materials for LMs.

Inspired from amphiphilic molecules used in ordinary
detergent, herein novel polyethylene/Cu and porous Ni/Cu non-
wettable/wettable structures have been designed and fabricated
for anti-combination of the gallium-based LM marbles in
solutions. The inner Cu layer (wettable) provides bonding forces
with the LMs, while the outer layer of polyethylene (non-
wettable) is to achieve the anti-combination function. It is
found that both pairs of LMs with polyethylene/Cu or P-Ni/Cu
coatings show good anti-combination properties even at
a large extrusion ratio. What's more, LM marbles coated with
polyethylene/Cu or P-Ni/Cu also realized other functions, such
as reversible conductivity transformation and motion driven by
electric or magnetic fields, due to their highly floatable
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properties. Owing to the reasons above, this work realizes the
anti-combination of the gallium-based LM marbles in solution
and shows great potential applications in various gallium-based
LM devices by changing the appropriate functional outer layers.

Experimental

Gallium-based LM alloys were prepared by mixing Ga 67.0 wt%,
In 20.5wt%, Sn 12.5wt% with purity of 99.9%, in a water bath at
50 °C for complete fusing; the melting temperature of the LM
alloys is around 10 °C. Pure Cu foil (thickness 0.05 mm), Porous
Ni (P-Ni) (thickness 0.1 mm, average porous 0.1 mm) and
polyethylene (thickness 0.025 mm) were cut into round pieces
with a diameter of 0.1 cm (Cu, P-Ni), 0.2 cm (Cu, P-Ni), 0.3 cm
(Cu, P-Ni), 0.5 cm (polyethylene), and 0.7 cm (polyethylene)
respectively. Then these pieces were washed with ethanol in
a sonication bath for 3 min and dried naturally. And then,
a phenolic resin modified neoprene adhesive is used to stick Cu
layers at the center of P-Ni and polyethylene layers. Rubidium
magnets and a DC power supply have been used to drive coated
LMs marbles. The micro-morphologies of the surface of poly-
ethylene, Cu and P-Ni were measured by optical microscope
(Zeiss, LX-047PBT). The thermal conductivity of LMs, and LM
coated polyethylene/Cu coatings is measured by Metter Toledo
1/700 Differential Scanning in air rather than in HCI solution.
Other optical photos and video data of the phenomenon were
shot by a Huawei nova7 mobile phone.

Results and discussion

The non-wettable/wettable coatings are presented in Fig. 1(a).
The inner Cu layer (wettable) provides the bonding force with
the LMs, while the outer polyethylene or P-Ni layer (non-
wettable) is to achieve some specific functions, especially anti-
combination function. Polyethylene-Cu coating designs are
asymmetric, with the diameter of polyethylene layer much
larger than that of Cu to obtain better anti-combination abili-
ties. On the contrary, the coating designs for the P-Ni layer are
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Fig.1 (a) Scheme of the polyethylene/Cu and P—Ni/Cu non-wettable/
wettable coatings on LM marbles; (b) and (c) Optical images of poly-
ethylene/Cu, P-Ni/Cu and the surface morphologies of Cu, poly-
ethylene and P—Ni; inset images are the wetting angle tests of LMs on
Cu, polyethylene and P-Ni surfaces; the scale bars of the wetting
angle tests are 1 mm. (d) and (e) LMs marbles with polyethylene/Cu and
P—Ni/Cu coatings on them.
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symmetrical on both sides to enhance their flexibility. Optical
images of polyethylene/Cu, P-Ni/Cu and the surface morphol-
ogies of Cu, polyethylene and P-Ni are presented in Fig. 1(b)
and (c). Inset images in Fig. 1(b) and (c) show the wettability of
LMs to Cu (wetting angle 46.3°), polyethylene (wetting angle
117.5°) and P-Ni (wetting angle 121.5°). After these coatings are
submerged in HCI solution (0.4 mol L"), the inner Cu layer
easily becomes bonded to and floats on the surface of gallium-
based LM marbles to resist their combination (Fig. 1(d) and (e)).

Fig. 2 shows the combination resistance of polyethylene/Cu,
P-Ni/Cu coatings with various diameters. A scheme and two
optical images of combination resistance tests of LMs marble
pairs with polyethylene/Cu, P-Ni/Cu coatings are presented in
Fig. 2(a)-(c). The compression rate here is kept at about 1 mm
s~! for each test. The maximum compression sets before the
combination of coated LMs marble pairs are presented in
Fig. 2(d). For polyethylene/Cu coatings with a diameter of 0.3
c¢m/0.2 c¢m, the LMs marble pairs can tolerate nearly 20%
extrusion ratio without combination. Since combination resis-
tance is mainly due to physical isolation caused by external
polyethylene layers, stronger combination resistance is ob-
tained by polyethylene layers with larger diameters, for they
have more redundant area to protect the marbles. Compara-
tively, the whole combination resistance of P-Ni/Cu coatings is
stronger (with a minimum tolerance of nearly 40% deforma-
tion). P-Ni/Cu coatings feature in the electrochemical reaction
enhanced combination resistance in HCI solution instead of
physical isolation of polyethylene/Cu coatings. It is well known
that the standard electrode potential of Ga (—0.55 V), being
reduced after alloying with In and Sn, is much lower than that of
Ni (—0.25 V) and Cu (0.34 V).**"” Hydrogen bubbles generated by
the electrochemical reactions (Fig. 1(e) and 2(c)) will converge
on and surround the P-Ni/Cu coatings, and hence inhibiting
the combination of LMs marbles. P-Ni/Cu coatings with smaller
diameters generate more uniform bubbles and bring stronger
combination resistance. Above all, both polyethylene/Cu and P-
Ni/Cu coatings show strong combination resistance for LMs
marble pairs in solution.

Obviously, the strength of the bonding force between coat-
ings and LMs is another important parameter for their quality
evaluation. A lifting device as shown in Fig. 3(a) has been used
to measure the bonding force between coatings and LMs
through recording the maximum lifting forces. Herein, only the

(I Polyethylene
B Porous Ni

Compression Set (%)

01 02 03 o4 05 06 o7 08
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Fig. 2 (a)—(c) Scheme and optical images of the combination resis-
tance tests of LMs marbles coated with polyethylene/Cu and P—Ni/Cu;
(d) Combination resistance tests of polyethylene/Cu (diameters 0.3
cm/0.2 cm, 0.5 cm/0.3 cm, 0.7 cm/0.3 cm) and P-Ni/Cu (diameters
0.1cm/0.1 cm, 0.2 cm/0.2 cm, 0.3 cm/0.3 cm) coated LMs marbles.
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Fig.3 (a) Lifting device for the tests of the bonding force of coatingsin
solution, inset image is the Cu surface adhered on LMs the after the
vertical lifting; (b) bonding force between Cu and LMs per-unit area in
HCL, NaOH and deionized water; (c) and (d) vertical pull of the poly-
ethylene/Cu and P—Ni/Cu coatings out of the surface of LMs marbles,
inset images are the coatings adhered on LMs before and after the
vertical lifting.

bonding force of polyethylene/Cu has been presented in
Fig. 3(b) due to the same bonding layer of P-Ni/Cu coatings. It
can be clearly observed that the maximum lifting forces
between polyethylene/Cu coatings with LMs are similar (about
0.05 N cm 2) in hydrochloric acid or NaOH solutions, but
become lower in deionized water (around 0.03 N cm ™), which
are calculated by the ratio of measured tensions F and contact
area S of the coatings. The possible reason is that the bonding
force between coatings and LMs is much higher than the
surface tension of LMs. Through the lifting, the measured
maximum forces are originally from the surface tension of LMs,
and thus showing similar values no matter in hydrochloric acid
or NaOH solutions. When LMs are submerged in deionized
water, the instantaneously formed oxide layer will significantly
reduce the surface tension of LMs, and then the maximum
lifting forces will be greatly reduced accordingly. Furthermore,
the serious deformation of LMs marbles, induced by the direct
and vertical pulling of the polyethylene/Cu and P-Ni/Cu coat-
ings and the LMs fully adhered to Cu surfaces (inset in Fig. 3(a),
(c) and (d)), further proves the strong bonding force between
coatings and LMs. Apparently, the high bonding force between
the polyethylene/Cu, P-Ni/Cu and LMs is beneficial for its
coating application in solution.

As above, the strong bonding force between the non-
wettable/wettable coatings and LMs mainly originates from
the surface tension of LMs. Owing to this, the bonding of these
non-wettable/wettable coatings should be very small in the
tangential direction, which makes the shifts of these coatings
on the surface of LMs fairly easy. In other words, the non-
wettable/wettable coatings can be considered as floating on
the surface of LMs. Fig. 4(a) and (b) show that the polyethylene/
Cu coatings are pushed opposite to the moving direction of LMs
marbles by the 4 V electric field induced surface flow."”* When
the electric field is removed, the polyethylene/Cu coatings are
quickly restored to the cover of LMs marble by the surface
tension of LMs and their own buoyancy. Because the
polyethylene/Cu coatings are non-conductive, such reversible

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) and (b) Scheme and optical images of electric field/surface
tension & buoyancy driven reversible shifts of polyethylene/Cu coat-
ings; (c) electric field driven movements of LMs marbles coated with
polyethylene/Cu of various diameters; (d) and (e) optical images and
scheme of magnetic field/surface tension & buoyancy driven revers-
ible shifts of P—Ni/Cu coatings; (f) magnetic field driven movements of
LMs marbles coated with P—Ni/Cu with 0.3 cm/0.3 cm diameters.

shifts of polyethylene/Cu coatings are expected to realize the
electric field induced switching of the circuit in solution
(Fig. S11). In addition, the thermal conductivity of LMs changes
from about 15 + 5 W m ™" K to 30 + 10 W m ™ * K during the
close/open of polyethylene/Cu coatings, which also shows their
potential usage as changeable thermal conductivity materials.
Apparently, the function above requires larger polyethylene/Cu
coatings to obtain better performance. However, the electric
field induced motion tests show that polyethylene/Cu coatings
with larger diameters exhibit greater motion resistance, as
shown in Fig. 4(c). Therefore, it is necessary to balance the
motion abilities with the improvement of other functions of
LMs. As shown in Fig. 4(d) and (e), the reversible shifts of P-Ni
coatings on the surface of LMs marbles can be driven similarly
by magnetic field and can be restored by the surface tension of
LMs and buoyancy of porous Ni when the magnetic field is
removed. The difference between the two is that, in the electric
field, the coatings are driven to move by the LMs marbles, while
in magnetic field (Fig. S21), the LMs marbles are driven to move
by the coatings. What's more, both coatings show high dura-
bility (Fig. S31), which guaranteed their usage in the solutions.
Above all, such non-wettable/wettable and floatable coating
design concept provides a new design strategy for the functional
applications of LMs marble based devices.

Apparently, this non-wetted/wetted floatable coating design
efficiently avoids the combination between LMs marbles. And
the functional outer layers realize the reversible conductivity
transformation and magnetic motion of LMs marbles. In
addition, from the perspective of the functional properties of
the surface of LMs marbles themselves, such as the platinum
catalysis,' the interfacial bismuth precipitation on the surface
of LMs,* such eclectic or magnetic field induced reversible
spreading and closing of the coatings should be beneficial for

RSC Adv, 2022, 12, 28059-28062 | 28061
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their processes control and protect internal functional mate-
rials in the non-working state.

Conclusions

In summary, we reported novel non-wettable/wettable and
floatable polyethylene/Cu and P-Ni/Cu coatings for anti-
combination of LMs marbles. Both coatings have strong resis-
tance to combination of LM marbles. For the polyethylene/Cu
coatings, physical isolation is the main source for the resis-
tance to combination, so the larger the polyethylene diameter,
the stronger the anti-combination abilities. For polyethylene/Cu
coatings, the LM marble pairs show a minimum tolerance of
nearly 20% extrusion ratio without combination. However, as
for the polyethylene/Cu coatings, a small diameter has more
advantages for anti-combination, because the resistance origi-
nates from the hydrogen bubbles generated by electrochemical
reactions. And P-Ni/Cu coatings show minimum tolerance of
nearly 40% extrusion ratio without combination. Driven by 4 V
electric or magnetic fields, LMs coated with polyethylene/Cu
show reversible conductivity transformation and LMs coated
with P-Ni/Cu show potential application in magnetic driven
motions. Furthermore, this work presents an insightful way for
the clustering and functional applications of LM based devices
in solution.
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