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Graphene based electrical conductors are under 

consideration for numerous applications in energy storage, 

energy conversion devices, electronics and sensors. Here, we 

report a facile and versatile method for fabrication of 

graphene based composite microwires ranging from ~20 to 

250 µm in diameter via size reduction during dehydration of 

extruded larger diameter graphene oxide-loaded agarose 

hydrogel fibers. The graphene oxide is effectively reduced to 

graphene by chemical and thermal treatment. After 

dehydration and reduction, the resulting graphene composite 

microwires exhibit high electrical conductivities of up to 1.8 

S/m. 

Graphene, a one-atom-thick 2D single layer of sp2-bonded carbon, is 
attracting great interest due to its outstanding properties, including 
its good electrical conductivity, exceptionally high surface area 
(theoretically 2765 m2 g-1), high charge carrier mobility (> 20 m2 V-1 
s-1 at room temperature), strong mechanical strength (~1 TPa), and 
high thermal conductivity (~5000 W m-1 K-1).1,2 Recently, studies on 
fabricating graphene-based materials with various shapes, including 
spheres,3 fibers,4 and films5 have been attempted for a range of 
applications such as energy storage/conversion materials, electronic 
devices, polymer composites, and bio/chemical sensors and 
actuators.6-8 Incorporation of 2D graphene nanosheets into micron-
sized wires with smaller feature size has been suggested to have 
advantages in terms of electrical conductivity and surface area.9-11 
Compared with conventional planar structures, electrical microwires 
are also attractive as component for space-limited applications such 
as portable consumer electronics, roll-up displays, wearable 
electronic textiles and implantable systems,12 as they efficiently use 
space and could integrated into various shape-conformable 
structures. However, there has been little research on the fabrication 
of the graphene based composite microwires, and it is currently a 

challenge to control the feature size of the composite materials 
without sacrificing the intrinsic properties of graphene. We of course 
are not the first to create conductive microwires. This work was 
inspired, for example, by Lewis’ demonstration of the direct-ink 
writing of silver microwires starting from both nanoparticle13 and 
reactive silver inks.14 Here, we report a facile and efficient method to 
fabricate graphene embedded microwires starting from larger 
diameter agarose hydrogel-graphene oxide composite which are 
subsequently induced to shrink. 
     Hydrogels, highly hydrated polymer networks, are an effective 
matrix component for fabrication of composites which include water 
soluble or dispersible materials.15 Agarose gel, a representative 
hydrogel, is naturally derived, abundant, environmentally friendly 
and biocompatible.16 Since the sol-gel transition of agarose gel is 
thermally reversible, various shapes or patterns can be easily realized 
in the gel with corresponding templates.15,17 Volume reduction of the 
hydrogel during drying can be utilized for miniaturization of various 
shapes or patterns.18  
     To make a graphene based microwire, we start with a hot 
liquefied suspension of agarose and water-soluble graphene oxide 
(GO). This mixture solidifies by gelation and forms a wire while 
being extruded through a 0.19 ~ 1 mm diameter orifice. The 
diameter of the extruded hydrogel wires are primarily defined by the 
tube inner diameter. High volume fractions of water in the agarose 
gel (~98 wt.%) enables the diameter of the wires to drastically 
decrease by 76~90% after drying. The composite microwires are 
subsequently treated with hydrazine to reduce the GO to graphene. 
The surface morphology of the composite microwires and the degree 
of defects in the graphene lattice after the chemical reduction step 
are investigated by scanning electron microscope (SEM) and Raman 
spectroscopy, respectively. The conductivity of the composite 
microwires with the reduced graphene oxide (rGO) is one order of 
magnitude higher than that of the graphene oxide composite film. To 
further improve the electrical conductivity of the composite 
microwires, thermal treatments at various temperatures were applied. 
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Fig. 1(a) outlines the agarose/reduced graphene oxide (A/rGO) 
microwire fabrication procedure. First, agarose gel with embedded 
GO was prepared similarly to the TiO2 particle loaded heat-set 
agarose gel described previously.15 Briefly, aqueous suspensions of 
GO (Angstron Materials) with various contents, ranging from 0.01 to 
0.5 wt.%, were heated close to ~100 °C, then agarose (Acros 
Organics) was added. This heated agarose/graphene oxide (A/GO) 
mixture was transferred to a syringe and extruded through a tygon 
tube (inner diameter: 0.5 mm, unless mentioned otherwise). The 
A/GO mixture cooled and gelled while being extruded through the 
tube. Within the range of tube inner diameters of our experiment 
(0.19 ~ 1 mm), the extruded A/GO hydrogel maintains the 
filamentary shape with a diameter corresponding to the tube inner 
diameter. After hydrogel dehydration, an A/GO microwire with a 
significantly reduced diameter was obtained. The microwire was 
placed in a closed chamber with hydrazine (35 wt.% in water, 
Aldrich) at 90 °C for 4 hrs to reduce the embedded GO to rGO.  
 

 
Fig. 1. (a) A/rGO composite microwire fabrication process. 
Images of the extrusion process are shown in Fig. S1. (b) Phase 
diagram of the hydrated A/GO composite as a function of 
weight fraction of agarose and GO. The symbols “O” and “X” 
indicate where the resulting phase is gel and sol, respectively. 
The insets show the gelled and fluid nature of the A/GO 
composite at the indicated compositions. Scale bar = 1 cm. The 
dotted line is approximately where we estimate the sol-gel 
phase transition to occur. 

     Successful fabrication of the A/GO composite wires requires the 
heated A/GO aqueous suspension to cool and gel before leaving the 
tube. The reported minimum concentration of agarose for hydrogel 
formation is ~0.15 wt.%,16 however, we observe a higher agarose 
concentration is necessary when GO is embedded. Fig. 1(b) shows 
the phase diagram of the A/GO composite as a function of the 
agarose, GO, and water content (water is the remaining content). The 

agarose content up to 3 wt.% is tested for ease of handling of the 
composite when liquefied. At 2~3 wt.% of agarose concentration, 
the maximum content of the embedded GO for hydrogel formation is 
~0.1 wt.%, and it decreases as the agarose concentration decreases. 
For microwire fabrication, we prepared A/GO aqueous mixtures 
with 2 wt.% of agarose and 0.1 or 0.01 wt.% of GO. 
     Optical micrographs of A/GO composite wires extruded from 0.1 
and 0.01 wt.% GO before and after drying are shown in Fig. 2(a-d). 
The diameters of both wires after extrusion are ~0.5 mm, the same as 
the inner diameter of the tube. After the A/GO hydrogel wire is 
dried, the diameter decreases to ~80 µm due to the volume 
reduction. This value is close to the theoretical diameter of 74 µm 
assuming no contraction along the wire axis.19 The ratio of the wet 
and dry diameter for the GO containing wires is almost the same as 
that for a GO-free agarose hydrogel filament (Fig. S3). The 
diameters of the A/GO microwires are easily controlled by varying 
the tube inner diameter. Fig. S4 shows the dependence of the 
diameters of the dried A/GO microwires on the tube inner diameters. 
For the hydrated microwires with the large diameters of 0.76 and 1 
mm, the dried diameters are much larger than the calculated values 
under the assumption of only radial contraction. This is presumably 
because the contraction along the wire axis direction becomes more 
significant as the diameter of the hydrated microwire increases, 
possibly larger than 0.5 mm.  Microwires with diameters as small as 
18 µm were obtained by extruding through 0.19 mm inner diameter 
tubes. It should be noted that this diameter is not the minimum limit 
of the method and may be reduced by using a tube with smaller inner 
diameter. After chemical reduction with hydrazine, the colour of the 
wires becomes darker and no significant change in the diameter was 
observed (Fig. 2(e,f)). It is known that the brownish yellow GO turns 
dark black after reduction. There is no change in colour when a GO-
free agarose microwire is treated with hydrazine (Fig. S3). 
 

 

Fig. 2. Optical micrographs of the extruded A/GO composite 
wires with (a) 0.1 wt.% and (b) 0.01 wt.% of GO. The agarose 
content is 2 wt.% and water content ~98% for both wires. Low 
magnification images of (a) and (b) are in Fig. S2. (c,d) The 
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wires of (a) and (b) after drying, respectively. (e,f) The wires in 
(c) and (d) after chemical reduction, respectively.  

     Fig. 3(a,b) presents the surface morphology of the A/rGO 
composite microwire. The 1D ridging on the surface is probably 
wrinkling due to the dominant volume reduction perpendicular to the 
wire axis. No significant aggregation of the rGO on the surface of 
the dried microwire is observed. To confirm the hydrazine reduction 
of GO to rGO, Raman scattering was collected after each step (Fig. 
3(c)). In the Raman, two characteristic peaks appear at 1350 cm-1 
and 1590 cm-1, corresponding to the D band and G band, 
respectively. The D band, associated with the A1g breathing vibration 
of a graphene, is proportional to the defect density of the graphene, 
whereas the G band, resulting from the E2g in-plane stretching 
vibration, is not affected by the presence of defects.20 As such, the 
Raman peak intensity of the D band relative to the G band is 
associated with the relative defect density on the GO. The Raman 
intensity ratio, ID/IG, decreases from 1.11 to 0.99 after the hydrazine 
reduction, indicating a decrease of the number of the defects. 
 

 
Fig. 3. (a, b) SEM images of A/rGO composite microwires 
prepared from a 0.01 wt.% GO A/GO hydrogel. Similar 
morphology is observed for microwires with 0.1 wt.% GO in 
Fig. S5. (c) Raman spectra of the dried A/GO composites 
before and after chemical reduction and thermal treatment (400 
°C for 30 min). GO content is 0.1 wt.% before drying. 

     Due to the superior electrical conductivity of a graphene, the 
A/rGO microwire may have potential to be used as a conductor in 
microelectronics. We measured the electrical conductivity of the 
A/rGO microwire (1D), and compared it to the A/rGO film (2D) to 
investigate the benefit of the one dimensional shape. Fig. 4(a) 
presents the current–voltage (I–V) characteristics of the A/rGO 
microwire and film. The values on y axes in the I-V curves are a 
current times distance between two probe electrodes divided by a 
cross-sectional area of the wire or the film of the A/rGO composites. 
The electrical conductivity (unit: mS m-1) of each sample can be 
directly derived from the slopes of the plots. All samples exhibit the 
linear I–V curves over the -0.1 to +0.1 V voltage range, indicating 
ohmic behaviour. The conductivity of the A/rGO microwire is 1 
mS/m, one order of magnitude higher than that of the A/rGO film 
(0.08 mS/m). We speculate that the higher conductivity of the 
A/rGO wire is because the graphene sheets are aligned preferentially 
in the wires by the extrusion process. The A/GO microwire or the 
hydrazine-treated agarose microwire without rGO did not show a 
detectable electrical conductivity within our measurement limit (~10-

15 Amps). However, the conductivity value of the A/rGO composite 
wire is still low compared to the values of other graphene-based 
composite materials,6,21,22 primarily because of the high volumetric 
ratio of the insulating agarose.  

 
Fig. 4. (a) I-V curves of A/rGO microwire and film after 
chemical reduction. (b) Effect of annealing temperature on the 
conductivity of A/rGO composite microwires. (c) I-V curves of 
A/rGO microwire and film after annealing at 400 °C for 30 min. 
I-V plots of A/rGO microwires after annealing at 200 and 300 
°C are shown in Fig. S8. All samples were prepared from the 
A/GO hydrogel with 0.1 wt.% GO content. 

     The electrical conductivity of the microwire could be improved 
by decreasing the amount of the insulating agarose polymer. Since 
the reduced form of GO is relatively thermally stable (mass loss is 
~10% at 400 °C in air)23,24, the polysaccharide agarose polymer can 
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be selectively removed in the A/rGO composite by thermal treatment. 
The decomposition temperature of the neat agarose polymer and the 
A/rGO composite under air was determined by thermogravimetric 
analysis (TGA). Fig. S6 shows that the major mass loss of agarose 
occurs at about 300 oC, where it loses ~80% of its initial weight. The 
electrical conductivity of the A/rGO microwires was measured after 
thermal treatments at temperatures ranging from 200 ~ 600 °C, for 
30 min (Fig. 4(b)). The electrical conductivity of the A/rGO 
microwire increases with increasing thermal treatment temperature 
up to 400 oC, and the wire shape is preserved. However, at 500 °C or 
higher, the microwire collapsed, perhaps because of the severe 
decomposition of the agarose matrix. The A/rGO microwire after the 
thermal treatment at 400 °C for 30 min (Fig. 4(c)) exhibits an 
electrical conductivity of 1.8 S/m, three orders of magnitude greater 
than the value before the thermal treatment. This value is 
comparable to or one order of magnitude higher than previously 
reported conductive graphene based composites.6,21,22 The highly 
increased electrical conductivity results from the further reduction of 
the graphene oxide and the densification of the A/rGO wire during 
the agarose decomposition. The Raman spectra are compared before 
and after the thermal treatment at 400 oC in Fig. 3(c). The Raman 
intensity ratio, ID/IG, of the A/rGO decreases from 0.99 to 0.93 after 
the thermal treatment at 400 °C, indicating the decrease of the defect 
sites in the embedded graphene. The SEM images of the A/rGO 
microwire after the thermal treatment at 400 °C (Fig. S7) show that 
the microwire retains its initial shape and the diameter decreases 
from 80 to 24 µm. No significant deformation or morphology change 
is observed. Overall, the thermal treatment significantly improved 
the electrical conductivity of the A/rGO microwire, and decreases 
the wire diameter.  
     In conclusion, we presented a simple and general method to 
fabricate a conducting microwire, starting from aqueous agarose-GO 
mixtures with the appropriate compositions for gel formation. The 
heated (fluid) mixture can be extruded from an orifice, at which 
point it gels, forming a hydrogel filament. The diameter of this 
filament is then reduced by up to 90% by drying. After drying, the 
microwire has a fibril surface morphology due to the preferential 
volume shrinkage perpendicular to the wire axis. When the A/GO is 
treated with the hydrazine the GO is reduced to graphene form, and 
the microwire becomes conductive. Thermal treatment of the 
microwire in air further reduces the embedded graphene and 
densifies the A/rGO microwire, resulting in an electrical 
conductivity comparable to or even higher than the values of other 
recently reported graphene based materials. An important attribute of 
this approach is the ease by which materials with small feature sizes 
can be made. For example, the 0.5 mm diameter A/GO composite 
wire decreases to only 24 µm after the drying and the thermal 
treatment steps. The approach reported here should be generally 
applicable for fabrication of composite microwires containing other 
hydrophilic fillers. Along with simple one dimensional shapes, more 
complicated shapes can be formed via the controlled evaporation of 
water from complex starting shapes, something, which is now 
underway. 
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