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Self-healing, adaptive and conductive polymer composite ink for
3D printing of gas sensors
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DOI: 10.1039/x0xx00000x Self-healing conductive polymer composite ink was formulated for 3D extrusion printing of flexible electronics. It was
www.rsc.org/ composed of polyborosiloxane (PBS) matrix and 5 vol.% of electrochemically exfoliated graphene. The printability was
derived from the chemical-activated mechanically adaptive property (MAP) of PBS. The MAP of PBS and the composite ink
was studied through rheological measurements, and the non-Newtonian nature was analyzed using the Carreau-Yasuda
model. With methanol vapor as a representative stimulus, the underpinning mechanism of MAP of PBS, which involved
the methanol-induced alcoholysis of the cross-linking boron/oxygen dative bonds in PBS, was further investigated by
infrared spectroscopy. The self-healing, adaptive and conductive composite ink could be used to print 3D structures and

devices on a common polydimethylsiloxane flexible substrate. A 3D-printed gas sensor with responses to various chemical
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vapors was demonstrated as

Introduction,

3D-printing technology features the capability to create
complex structural or functional objects through adding
materials in a layer-by-layer manner with satisfactory
geometric accuracyl' 2 The popular 3D-printing
techniques include direct ink writing3, fused deposition
modeling (FDM)4, selective laser sinterings, polyjets, stereo
Iithography7, digital light processings' 9, and freeform reversible
embeddingm. The requirements for the printing material vary
with the nature of mass delivery process of the 3D-printing
technique. Nevertheless, the flowability of the printing
material is essential for all the techniques. Therefore, the
printing material must be in quuid3, powder5 or another
flowable form®*. It should also be able to solidify rapidly to
preserve the desired structures, which can be achieved either
physically and/or chemicallylz. Over the last decade, well-
selected new printing materials have continued to emerge,
covering all the categories in materials science: polymers,
metals, ceramics and compositeslg. An increasing interest has
focused on the use of 3D-printing technology for the
manufacture of electronics, like 3D-printed circuits, electrodes,
transistors, sensors and actuators**™*’. The concept of printed
electronics was initially demonstrated in the 1990s**?* and has

most
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potential application of this novel composite ink.

become an attractive alternative to conventional technologies
by enabling the seamless creation of large-area, flexible
devices at a low cost®2. In particular, as the booming of flexible
electronics, the growing demand for the manufacture of
electronics on customized substrates boosts the research on
3D-printed electronics.

Owing to its flexibility, nozzle-based scanning deposition
techniques are the most common method for the manufacture
of 3D-printed electronics: inkjet printing and extrusion printing
of liquid and viscoelastic materials, respectively, offering a new
approach for the fabrication of functional devices® .
Recently, viscoelastic, conductive polymer composite inks have
been attracting a growing attention in 3D-printed electronics®.
Various functional devices have been developed based on
polymer composite greases/doughs, such as 3D-printed highly
stretchable sensors made from carbon conductive grease27,
conductive cellulose composite grease-based 3D-printed
batterieszs, and 3D-printed body-patchable strain sensors
made from a carbon-based composite dough29. Conductive
thermoplastic composite solids are applicable to FDM
extrusion printing to fabricate self-supporting devices, such as
carbon black/thermoplastic polymer composites for 3D-
printed sensors and capacitive buttons”’, reduced graphene
oxide/polylactic acid composites for flexible circuits3o,
multiwalled carbon nanotube/thermoplastic polyurethane
nanocomposites for highly elastic strain sensors>'. Lately, Jakus
et al. reported a graphene/hyperelastic polyester suspension
(consisting of majority graphene and minority polyester) for
energy storage and biomedical electronics.’? Different from
the liquid-solid phase transition-based solidification method in
FDM, the post-printing solidification of this composite
suspension was governed by the rapid evaporation of solvent
(dichloromethane).

J. Name., 2013, 00,1-3 | 1
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Polyborosiloxane  (PBS) is a highly viscoelastic
supramolecular material that exhibits an intrinsic self-healing
characteristic due to the dynamic association/dissociation of
boron/oxygen dative bond®. Because of the dynamic nature of
boron/oxygen dative bond, PBS behaves like an elastic solid for
high Deborah numbers under a rapid strain variation, yet like a
viscous fluid over longer testing time scales®. Graphene-
incorporated PBS composites exhibited excellent
electromechanical sensitivitys‘r’. Moreover, the dynamic nature
of boron/oxygen dative bond also leads to temperature-
dependentgﬁ’ 37 and chemical-activated mechanically adaptive
properties (MAPs)gg. In this work, we present a formulation of
a simple conductive polymer composite ink based on PBS with
5 vol.% electrochemically exfoliated graphene for 3D printing
of electronics on polydimethylsiloxane (PDMS). The conductive
composite ink is prepared by solution blending of the two
components in a solvent followed by solution casting. Owing
to the chemical-activated MAP of PBS, the composite ink is
flowable in an atmosphere of methanol saturated vapor and
recovers solid-like state when returning into the open air. The
MAP of PBS and the composite ink are studied through
rheological measurements, with shear-thinning behaviour
analyzed using the Carreau-Yasuda model. The mechanism of
methanol-induced MAP is investigated by infrared
spectroscopy. The composite ink possesses mechanically and
electrically self-healing capability and chemical-responsive
conductivity. These qualities enable the composite to be used
for extrusion printing of 3D structures and devices on PDMS
substrates. A sensor that is able to detect various chemical
vapors is 3D-printed, demonstrating a potential application of
this novel composite ink.

Results and discussion
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Figure 1. (a) Schematic illustration of the setup for electrochemical exfoliation of
graphite. Photographs of graphite rod electrodes after electrochemical exfoliation: (b)
cathode and (c) anode. (d) AFM image and height profile of the as-prepared graphene
nanosheets. (e) Raman spectra of graphite rod and the as-prepared graphene. (f) FTIR
spectrum of the as-prepared graphene.

Preparation of self-healing PBS/graphene composite ink (PBS/G5)
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Graphene was prepared by electrochemical exfoliation of
graphite using graphite rods as the counter and working
electrodes, as illustrated in Figure 1(a-c). The electrochemical
exfoliation occurred at the anode (the working electrode). The
exfoliated graphene was washed and dispersed in N-
methylpyrrolidone (NMP). The as-prepared graphene was
deposited on mica through evaporation of NMP and the
morphology was investigated by atomic force microscopy
(AFM), which is shown in Figure 1d. The thickness of graphene
monolayer was ~0.72 nm>’. The AFM height profile of the as-
prepared graphene shows a thickness of ~3.48 nm, confirming
the multilayer nature (4-5 layers). Raman spectroscopy was
used to identify defects in the as-prepared graphene in
comparison with graphite rod, as shown in Figure le. The D
peak at 1350 ecm™ was caused by the breathing mode of the
sp2 carbon atoms and activated by the existence of defects
such as edges, functional groups, or structural disorders®®. The
intensity ratio of D and G peaks (/p/ls) for graphite rod was
0.62. After electrochemical exfoliation, I/l reached 1.4,
indicating a higher degree of defects. The functional groups
present on the as-prepared graphene was studied by FTIR in
Figure 1f: hydroxyl OH (3234 cm'l), carboxyl C=0 and C-O
(1739 and 1402 cm'l, respectively), aromatic C=C (1640 cm'l),
epoxy (1298 cm'l) and alkoxy (1076 cm'l)“. The electrical
conductivity of the as-prepared graphene was investigated by
surface resistance measurement. A graphene sheet with a
thickness of 50 um was prepared by vacuum filtration. The
surface resistance of the sheet was measured as 79.6 kQ
square'l, which is relatively large in comparison to the typical
surface resistance range of graphene (102~ 10*Q square'1)42,
probably due to the high degree of defects.

40
a PBS
as{ @ PBS/G5S
3.0
o
% 254
3201
8 |
b 15[/
1.0 \\
0.5 \~\
o4 ; —_——
0 50 100 150 200 250
Strain (%)
g 010
§  00s](c) .
® 006 /
< 0.04
S E 002
£ 0 .
8 2002 /
0 3-0.04
-0.06 /
-0.08] ,

This journal is © The Royal Society of Chemistry 20xx

Page 2 of 9


http://dx.doi.org/10.1039/c8tc01092g

Page 3 of 9

Published on 05 May 2018. Downloaded by Queen's Library on 15/05/2018 11:54:05.

Journal-of Materials Chemistry: C

Figure 2. (a) Representative tensile stress-strain curves of PBS and PBS/G5. (b) SEM
image of PBS/G5. (c) I-V curve for PBS/G5. (d) Demonstration of the healing process for
PBS/G5 in an LED-integrated circuit (Inset): 1. Undamaged (light on), 2. completely
severed (light off), and 3. healing of the sample (light on) by bringing two parts
together.

The as-prepared graphene was used as a conducting filler
to prepare a conductive PBS/graphene composite, PBS/G5
(containing 5 vol.% graphene, a content greater than the
percolation threshold, 1.75 vol.%35), by solution blending
followed by casting. The reinforcement of graphene on the
mechanical properties of PBS was investigated by tensile
testing, with representative stress-strain curves shown in
Figure 2a. The tensile strength, Young’s modulus and
elongation at break were 1.6+0.5 kPa, 33+8 kPa and 227+34%
for PBS and 2.9+0.7 kPa, 150+23 kPa and 124+41% for PBS/GS5,
demonstrating the efficient stress transfer and reinforcement
in the composite, similar to the cases with PBS/carbon
nanotube composites38. The scanning electron microscopy
(SEM) image of PBS/G5 in Figure 2b shows a relatively uniform
dispersion of graphene sheets in PBS matrix, most of which
also contact each other to form a graphene network that
provides an efficient reinforcing effect as well as a continuous
conducting channel. From the current-voltage (I-V) curve for
PBS/G5 between -10 V to 10 V in Figure 2c, it can be seen that
its resistance decreased with increasing voltage from O to 5 V.
The electrical conductivity was calculated as 3.24 x 10° S cm™
based on the linear region (5-10 V). A key feature of PBS based
composites is the intrinsic, room-temperature mechanically
self-healing property33. it means, when PBS/G5 suffers cracks
or fractures, simply bringing the broken pieces together will
lead to spontaneous healing. Figure 2d demonstrates the
electrically and mechanically self-healing behavior of PBS/G5
in an electrical circuit. The electrical conductivity of PBS/G5
after self-healing was 3.22 x 10° S cm™, suggesting the
conductive healing efficiency was as high as 99.4%.

Rheological studies of PBS and PBS/G5

Figure 3a-d demonstrate the methanol-activated mechanically
adaptive behavior of PBS. The original PBS was solid-like
(Figure 3a) and was completely liquefied after kept in
methanol saturated vapor for 24 h (Figure 3b and 3c). It was
noted that, notwithstanding the significant change in
appearance, the measured methanol absorption of PBS was as
low as 2.5 wt.%. After kept in ambient conditions for 12 h, the
sample recovered its mechanical strength owing to the
evaporation of methanol (Figure 3d). For quantitative analysis,
the dynamic mechanical properties of solidified and liquefied
samples were compared by rheological testing as shown in
Figure 3e and 3f. As expected, the storage modulus (G'), loss
modulus (G"), and the magnitude of complex viscosity (|n*|) of
the liquefied sample were evidently lower than those of the
solidified sample. For instance, G', G" and |n*| of PBS at
angular frequency (w) of 1 rad st were 625, 92 and 267 times
higher than those of liquefied PBS, respectively, while the
differences were 135, 217 and 136 times for PBS/G5 and
liquefied PBS/G5. Owing to the reinforcement effect of

This journal is © The Royal Society of Chemistry 20xx
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graphene, G', G" and |n*| of PBS/G5 were notably higher than
those of PBS.

The standard linear solid (SLS) model (Inset of Figure 3(e))
was applied to describe viscoelastic properties of PBS in

34,35 .
, where G; and G, are shear moduli and n

previous reports
is the viscosity. The relationship between the rheological
measurements in oscillation mode and SLS model are given in

the following equations35.

: A Gl 2 2

G4= Got ps w
P G

G" = 72:;(:11 (2)

where T = n/G; is the relaxation time of the material. G;, G,
and T were determined as 1.23x10° Pa, 1.69x10° Pa and 0.266
s for PBS, respectively. As shown in Figure 3e, SLS model did
not fit the data of PBS and PBS/G5 well, especially at low
frequencies for PBS and high frequencies for PBS/G5. A similar
conclusion was also reached by previous literature®®. This
deviation was attributed to the assumption of the constant n
in SLS mode, where factually PBS is non-Newtonian.
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Figure 3. lllustration of methanol-activated mechanically adaptive property of PBS: (a)
original, (b) liquefied after being kept in saturated methanol vapor for 24 h, (c) molded
into a dish, and (d) re-solidified after being kept under ambient conditions for 12 h.
Rheological behavior of PBS and PBS/G5 as a function of angular frequency (w): (e)
storage modulus (G') and loss modulus (G"), and (f) the magnitude of complex viscosity
(In*]). The inset of (e) is spring-dashpot diagram of standard linear solid (SLS) model.

In Figure 3f, |n*| obviously shows frequency-dependent
behavior for both samples. |n*| of PBS trends to be a constant
at the low frequency end and decreases with increasing
frequency, showing a shear-thinning behavior. The Carreau-
Yasuda (C-Y) model, as presented by Equation (3)43’ 44, was
widely used to describe the steady-state viscosity () of non-
Newtonian fluid continuously for all the shear rates y>0, which
has been successfully applied for shear-thinning liquid
polymers, like silicone oils and bitumen*> ®. ng and n.. are the
zero and infinite shear viscosity, indicating the Newtonian
plateau at both high and low shear rate ends, describing a

J. Name., 2013, 00, 1-3 | 3
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similar profile of the frequency dependence of |n*| for PBS in
the studied range.

N =1 + (Mo — Nw)[1 + (AP)*]™~D/a (3)
where 0 <n <1, 0 £ A and a are the material shape parameters.
1/A is the critical shear rate at which the viscosity starts to

Table 1. Summary of Carreau-Yasuda model parameters for PBS and PBS/G5.

View Article Online
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Figure 4. FTIR spectra of PBS samples. The
inset is mechanism of methanol-activated

mechanically adaptive property of PBS. (delete

Sample Ino | (Pas) [ns | (Pas) A(srad) a n 1/A (rad s) s after Wavenumber)
PBS 3.96x10"  6.86x10° 0309 144 0 3.24
Liquefied PBS 2.44x10"  3.09x10° 199 141 o0 5.03x10° To study the chemical changes
PBS/G5 232x10°  1.52x10° 0206 0991 0 485 induced by methanol vapor, Fourier-
Liquefied PBS/G5  2.34x10%°  1.99x10° 491 0432 003  2.03x10° transform infrared (FTIR) spectra of

decrease. This model predicts Newtonian fluid behavior n=n,
when n=1 and/or A=0. The value of n approaching zero
indicates increasingly shear-thinning behavior. To apply C-Y
model to the dynamic measurements, Cox and Merz provide a
rule to connect the dynamic viscosity function of |n*(w)| and
the steady-state viscosity function of n(y):|n*(w)|=n(y=w)*’.
Assuming that the Cox—Merz rule is valid for PBS, the function
of n(y) can be reconstructed to be applicable for |n*(w)|, as
shown in Equation (4)48.
7] = &l + (Ingl — [n&% DI + (Aw)@]r-D/a (4)

Through the regression analysis of the data with C-Y model
in Figure 3f, it can be seen that C-Y model is applicable to
describe the non-Newtonian behavior of PBS and PBS/G5. The
best-fit parameters are summarized in Table 1. For both PBS
samples, the value of n equals to about 0, suggesting a strongly
shear-thinning behavior. |n; | and |n:, | show a more than
three orders of magnitude difference in both samples. The
critical frequency at which the viscosity starts to decrease
reflected by 1/A is 5.03x10° rad s™ for liquefied PBS (out of the
measurement range of this study). With the dynamic cross-
linkage by boron/oxygen dative bond, the critical frequency
raised from 5.03x107 rad s to 3.24 rad s™* for PBS. It was also
noted that the viscosity of silicone oil used was approximately
0.34 Pa s. The viscosity of liquefied PBS was remarkably higher
than that of silicone oil, which might be due to the presence of
boric acid derivatives and the changes in the chemical
structure of silicone oil after reacting with boric acid. |n; | and
In; | show a 6 orders of magnitude difference for liquefied
PBS/G5 and a 4 orders of magnitude difference for PBS/G5.
With the addition of graphene, the critical frequency raised
from 3.24 rad s™ to 4.85 rad s, which might be caused by the
confinement effect of graphene on the motion of PBS.
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as-prepared PBS, PBS liquefied by
methanol vapor and re-solidified
PBS are compared in Figure 4. The peak at 863 cm™is assigned
to stretching vibration of Si-C and the band at 1010 cm™ with a
shoulder at 1073 cm™ (Si-O stretching) is assigned to Si-O-Si
moiety49' . Other peaks at 785 cm™ (C-H rocking), 1260 cm™
(C-H symmetric bending), 1409 cm™ (asymmetric bending),
2905 cm™ (C-H symmetric stretching) and 2961 cm™ (C-H
asymmetric stretching) correspond to the vibrations of Si-CH;
moiety51. The characteristic absorption of boron/oxygen dative
bond in Si-O-B moiety is observed at 1341 cm™ for PBS.*? After
being liquefied by methanol, two peaks at 1335 and 1360 em™
formed, which correspond to C-O-B moiety53, and a band at
945 cm™ for the Si-O stretching of Si-O-H moiety appeared54'
%6 This suggests the methanol-induced alcoholysis of
boron/oxygen dative bond in Si-O-B moiety, resulting in the
cleavage of the cross-linkages of PBS and leading to the
chemical-activated mechanically adaptive property of PBS, as
illustrated in the Inset of Figure 4. After re-solidification, the
characteristic absorption of Si-O-B moiety at 1341 cm™
recovered, exhibiting no difference to that of as-prepared PBS.

(a)

Liquefied
PBS/G5

Re-solidified
PBS/G5

PDMS substrate

(e)

This journal is © The Royal Society of Chemistry 20xx
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Figure 5. (a) Schematic illustration and (b) photograph of the set-up for 3D
printing of PBS/G5 on PDMS substrate. Photographs of printed PBS/G5samples
on PDMS substrate: (c) individual filaments, (d) 3D self-supporting filaments, and
(e) a zig-zag pattern.

3D-printed PBS/G5 gas sensor

The mechanically adaptive property of PBS/G5 can be utilized
for 3D extrusion printing: the pre-liquefied material was
extruded through the nozzle and the material surface rapidly
became solidified in the open air to form self-supporting
filaments, as illustrated in Figure 5(a) and 5(b). As a derivative
of PDMS, PBS is particularly suitable for printing on flexible
PDMS substrates. Figure 5(c) demonstrates an extrusion-
printed short filament of PBS/G5 standing upright on PDMS
substrate, suggesting their excellent affinity and adhesion. So,
PBS/G5 can be used to print 3D self-supporting structures on
the substrate. Figure 5(d) demonstrates that PBS/G5 can be
added layer by layer to form a well-adhered 3D self-supporting
structure due to the rapid solidification. Figure 5(e) presents a
3D-printed gas sensor with a zig-zag pattern on the substrate.

The resistance of PBS/G5 was found chemical-responsive,
which was investigated with various chemical saturated
vapors: methanol, water, dimethyl carbonate, diethyl ether,
1,4-dioxane, toluene and hexane. For instance, in Figure 6(a),
as the PBS/G5 sensor was exposed to methanol vapor, the
resistance of the PBS/G5 sensor promptly jumped, and
reached to a relatively stable equilibrium value within 50 min.
Once removed from methanol vapor, the resistance gradually
returned to the initial value within 90 min. It can be seen from
Figure 6(b), except in water vapor, that the resistance
demonstrated significant and reversible changes for the five
organic chemical vapors studied in this work due to the
absorption and desorption. To determine the three critical
parameters of sensing performance, namely, the sensitivity,
response time and recovery time, an exponential decay
equation in Equation (5) was applied to fit the experimental
data.

Y=y +A et/ + A,e /2 (5)

where y,, A;, t;, A, and t, are fitting parameter557,. The
equation fit the dynamic resistance data well for all the six
organic chemical vapors with R-squared coefficients (R%) in the
range of 0.985 ~ 0.999. The fitting results were listed in Figure
S1 in ESI. The equilibrium value y, for the responding region
was taken as the sensitivity. The response and recovery times
are defined as the time required to reach 90% of the maximum
resistance change (A) in the corresponding regionss. The
sensing performance of the PBS/G5 sensor in the six chemical
vapors, in terms of sensitivity and response and recovery
times, is compared in Figure 6(c). The PBS/G5 sensor shows
the best two sensitivity data in the two hydrocarbon vapors,
hexane and toluene, which are about 5.30 and 5.12 times of
magnitude change in the resistance in comparison to the initial
value R,. This might be attributed to the hydrophobic nature of
hexane and toluene which leads to a more effective diffusion
into the conductive graphene network and a
network, in comparison with the cases with the other four

loosened

This journal is © The Royal Society of Chemistry 20xx

vapors, consequently causing the more significant rises in
contact resistance.

Among all the chemical vapors, the PBS/G5 sensor shows
the fastest response and recovery times when sensing diethyl
ether vapor that are 0.92 and 1.15 min, respectively. The
PBS/G5 sensor also exhibits fast response and recovery times
for sensing the two hydrocarbon vapors, hexane and toluene
vapors, which are 2.1 and 1.3 min for hexane vapor and 3.9
and 2.5 min for toluene vapor, respectively. It is noted that the
duration for the resistance to reach the equilibrium value is
governed by the diffusion sample-size
dependent. Scaling down the sensor size will benefit the
response and recovery times.
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Figure 6. The normalized resistance response of the PBS/G5 sensor printed on PDMS
substrate during the exposure to and removal from an atmosphere of chemical
saturated vapor: (a) methanol and (b) various chemicals. Inset of (a) is schematic
illustration of the experimental set-up for measuring resistance of the PBS/G5 sensor
printed on PDMS substrate. (c) The summarized performance of the PBS/G5 sensor for
sensing various chemical vapors.
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Conclusions

Novel self-healing conductive polymer composite ink was
formulated for 3D extrusion printing on popular PDMS flexible
substrates. The chemical-activated mechanically adaptive
property of PBS enabled the extrusion of polymer composite
ink at liquefied state which rapidly restored the solid-like state
after exposed to the open air. This is because PBS exhibited a
shear-thinning behavior at both liquefied state and solid-like
state under a shear amplitude of 1% according to the
rheological measurements in dynamic oscillation mode. The
complex viscosity of PBS showed about four orders of
magnitude difference at the two ends of frequency (10’ Pa s —
10° Pa s) in the Carreau-Yasuda model analysis. Chemical-
activated mechanically adaptive property of PBS was studied
with methanol vapor as the representative stimulus using FTIR
analysis. The underpinning mechanism involved the methanol-
induced alcoholysis of the cross-linking boron/oxygen dative
bonds in PBS, which led to the reduced viscosity and strength.
PBS/graphene  composite ink  containing 5 vol.%
electrochemically exfoliated graphene (denoted as PBS/G5)
was prepared by solution blending. In addition to the shear-
thinning behavior and mechanically adaptive and mechanically
self-healing properties inherited from the matrix PBS, PBS/G5
possessed electrically self-healing capability. These interesting
characteristics enabled PBS/G5 to be used as a novel self-
healing conductive ink for 3D extrusion printing on PDMS
substrates, and a potential application of this printed object
was demonstrated as a sensor to detect various chemical
vapors with high sensitivity and moderate response time.

Experimental
Materials

Graphite rods (Sigma-Aldrich), ammonium sulfate ((NH,4),SO,,
Acros Organics), boric acid (Sigma-Aldrich), and silicone oil
(kinematic viscosity of 350 cSt and density of 0.968 g cm'3,
VWR) were used as received. The viscosity of silicone oil was
approximately 0.34 Pa s, calculated from 0.968 g cm™ x350 cSt,
according to the definition of kinematic viscosity.

Preparation of graphene by electrochemical exfoliation

Graphene were prepared from graphite by electrochemical
exfoliation®®. Graphite rods were used as the two electrodes,
while the anode was the carbon source. The distance between
the electrodes was ~2 cm and the electrolyte was 0.2
M(NH,),SO, aqueous solution. Electrochemical exfoliation was
carried out by applying a bias voltage of 10 V. The product was
collected and washed several times with deionized water by
vacuum filtration. The resultant graphene was then dispersed
in N-methyl-2-pyrrolidone (NMP) by sonication in an ultrasonic
bath (Fisher brand 15051) for 30 min. The dispersion was
maintained for 18 h to precipitate un-exfoliated graphite.
Graphene in the top part of the dispersion was precipitated by
dilution with 5-time methanol in volume, and collected by
centrifugation. Then the graphene was redispersed at ~10 mg
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mL™" in chloroform by probe-type ultrasonication Hielscher
UP200S (400 W, 24 kHz) at 70% amplitude and 50% pulse for
1.5 h and stored before use.

Preparation of polyborosiloxane (PBS)

PBS was prepared from boric acid and polydimethylsiloxane
(silicone oil) following the method previously reported35. 30g
of boric acid was mixed with 100 mL silicone oil in a glass vial
under mechanical stirring at ambient conditions. During
stirring, the temperature was slowly raised to 190 °C. PBS was
obtained after allowing the reaction at 190 °C for 1 h and
cooling down to room temperature. Then, PBS was washed
with methanol to remove unreacted boric acid. In this step,
PBS was mixed with 100 mL methanol under stirring, collected
using a separatory funnel, and dried in a fume hood for future
use.

Preparation of self-healing conductive composite ink (PBS/G5)

A PBS/graphene composite with 5 vol.% graphene was
obtained by solution blending followed by casting and
designated as PBS/G5. Specifically, PBS was weighed and
dissolved directly into a measured volume of the
graphene/chloroform dispersion. This mixture was stirred for 2
h and then sonicated in an ultrasonic bath for another hour.
suspension was poured into a
polytetrafluoroethylene (PTFE) dish and was kept in a fume
cupboard for 24 h to remove most of the solvent in a fume
cupboard until it became non-tacky, and subsequently in
vacuum at 40 °C for 12 h to remove the residual solvent. The
densities of 2.20 g cmfor graphene and 1.17 g cm” for PBS®®
used for the calculation of the nominal volume percentage of
graphene in the composite.

The resultant

Extrusion printing of PBS/G5

All printed structures were fabricated using a home-built 3D
printer at room temperature throughout the study. The
methanol-liquefied PBS/G5 ink was extruded through a metal
hub needle with an inner diameter of 410 um (Hamilton) at a
constant speed by applying the appropriate pressure. The
PDMS elastomer substrates were prepared from Sylgard 184
Kit (Dow Corning) by curing at 40 °C for 4 h.

Materials Characterization

Attenuated total Reflectance-Fourier transform infrared (ATR-
FTIR) spectroscopy was carried out on a Frontier Optica
spectrophotometer (PerkinElmer) in the wavenumber region
between 4000 to 600 cm ™" with a resolution of 1 cm ™. Tensile
tests were carried out using an Instron Model 5543 mechanical
tester with a 10 N load cell and a testing speed of 100 mm
min~’. The specimen dimension was 20 mmx5 mmx1 mm. Five
specimens were tested for each material. The microstructure
of PBS/G5was investigated by scanning electron microscopy
(SEM) (Inspect F, FEl), imaged using a 10 keV acceleration
voltage. The sample was fractured in liquid nitrogen prior to
SEM observation. The topography of graphene on mica

This journal is © The Royal Society of Chemistry 20xx
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substrate was analyzed using a Veeco AFM in tapping mode
with a scanning rate of 0.5 Hz. Image processing was
performed with the XEI software. The electrical properties of
the samples were monitored via a benchtop multimeter
(Agilent 34401A, Keysight Technologies Inc.). For the
conductivity test, a cylinder sample was used and connected to
the circuit via two aluminum electrodes. The surface resistance
of graphene sheet was measured with a four-point probe on a
rectangular sample using the method reported previouslysg.
Raman spectroscopy was performed using an in Via Raman
microscope. The wavelength of the excitation laser was 514.5
nm and the power of the laser was kept below 1mWwithout
noticeable sample heating. The laser spot size was ~1 um with
a x50 objective lens (numerical aperture =0.55). The spectral
resolution was 2.5 cm™* and each spectrum was an average of
five acquisitions. Rheological measurements of PBS and
PBS/G5were carried out on an MCR 502 rheometer (Anton
Paar GmbH) with a parallel-plate fixture (25 mm diameter) in a
dynamic frequency sweep mode. The rheological properties
were recorded as a function of angular frequency ranging from
0.01 to 100 rad s™ at room temperature. The sample thickness
was ~1 mm, and the shear amplitude was kept as a constant of
1 %. To measure absorption degree of PBS in methanol
saturated vapor, equation (6) was used.

Absorption degree= (W, — W;)/W;x100% (6)
where Wj; is the original weight of samples and W, is the
weight of samples after kept in methanol saturated vapor for
24 h.
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A graphene/polyborosiloxane composite exhibited self-healing, adaptive and electrically conductive properties
which could be 3D printed into gas sensors.
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