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Graphene oxide (GO) microfibers with controlled and homo-
geneous shapes and tunable diameters were fabricated using the 3
dimensional (3D) hydrodynamic focusing concept on a microflui-
dic device. Thermal and microwave treatments are used to obtain
reduced graphene oxide (rGO) microfibers with outstanding elec-
trical properties, thus enabling the development of ionic liquid-
gate field-effect transistors (FET) based on graphene derivative
microfibers.

Graphene derivatives have been investigated as building
blocks for the fabrication of multifunctional fibers due to their
outstanding properties, such as high surface area, and excel-
lent electrical, optical, and mechanical properties."” These
fibers have been explored in the development of implantable
electrodes for neural recording activity,* flexible energy storage
devices,>® connector wires,” actuators® and textile-based elec-
tronic materials.”'® Several approaches for the assembly of
graphene oxide (GO) nanosheets into fiber structures have
been described, such as wet-spinning,"""? dry spinning,"’ elec-
trophoretic assembly,'* and film conversion.'®> However, many
challenges still remain in the control of the dimensions and
morphology of the resulting fibers, highlighting the homogen-
eity and the alignment of the GO sheets along the main axis
of the fiber. For example, by the traditional wet-spinning
approach the tuneable diameter of the GO fibers is limited to
the size of the spinneret nozzle or the concentration of the GO
dispersion.”'* This increases the cost of production and also
introduces a number of limitations, such as the use of GO
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sheets with reduced lateral dimensions to avoid the clogging
of the nozzles in the spinneret with smaller sizes, which
results in the worsening of the mechanical, electrical and
thermal properties of the graphene derivative fiber."®"”
Recently, microfluidic spinning has emerged as an efficient
strategy for preparing graphene microfibers with outstanding
properties and tunable microstructures.”'®

Here, we demonstrate the use of the 3D hydrodynamic
focusing concept on a microfluidic device to achieve the high
alignment of the GO sheets during microfiber formation and
to obtain GO microfibers with controlled and homogeneous
shapes and tunable diameters. A strong correlation between
the fiber diameter and the flow rate ratio between the GO dis-
persion (core fluid) and coagulant solution (sheath fluid) is
established, allowing us to obtain graphene derivative fibers
with fine control of the diameter. Thermal and microwave
treatments are used to obtain reduced graphene oxide (rGO)
microfibers with outstanding electrical properties, which
enables the development of ionic liquid-gate field-effect tran-
sistors (FET) based on graphene derivative microfibers.

Fig. 1 shows the developed 3D hydrodynamic flow focusing
microfluidic (3DHFFM) device (Fig. 1(a)), a scheme of the fab-
rication process of the GO microfibers (Fig. 1(b)) and scanning
electron microscopy (SEM) images of the obtained GO fibers
(Fig. 1(d-f)). The 3DHFFM device has been fabricated based
on the low temperature co-fired ceramics (LTCC) technology
(ESI Text 17). The device displays two rectangular shape chan-
nels, one of them with a perpendicular lateral entrance in the
shape of an arc that favours the distribution of the sheath
fluid (coagulant agent). The detailed geometry of the 3DHFFM
devices is shown in Fig. S1(a and b).}

Firstly, an aqueous solution of hexadecyl(trimethyl)
ammonium bromide (CTAB) (coagulant solution) was injected,
as the outer fluid, at 3.0 mL min~" in the rectangular channel
using one side sheath flow for flow focusing of the micro-
fluidic device, and a GO dispersion was injected in the
inner region of the rectangular channel of the device at
1.5 mL min~" (Fig. S1(a)t). The positive charge of the CTAB
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(a) Photograph of the 3D hydrodynamic flow focusing microfluidic (3DHFFM) device fabricated to obtain the GO microfibers. (b) Illustration

GO microfiber formation. (c) Photograph of the GO microfiber. SEM images of the GO microfibers (d) with an overhand knot, and (e) of the surface
and (f) cross section. The GO microfibers are flexible, and their surfaces are not smooth, with many dentate-bends.

(surfactant) strongly interacts with the negatively charged
oxygen functional groups of the GO sheets, neutralizing the
electrostatic repulsion between the GO sheets, inducing their
assembly in a neat way.'”> The mechanism of GO microfiber
formation inside of the 3DHFFM device was investigated by
computational fluid dynamics (CFD) simulation.

Fig. S4 and ESI Video 1t show streamlines colored by the
velocity magnitude for CTAB solution and the GO dispersion
(in brown) in the 3DHFFM device. The velocity profiles show
the direction and magnitude of the core and sheath flow in
different locations of the 3DHFFM device. The CFD results
showed that the 3DHFFM device is very efficient for fluid
handling on microscopic scales and to produce the GO micro-
fibers, applying the hydrodynamic focusing technique in a rec-
tangular channel. This process is favored by the 3D hydrodyn-
amic focusing effect because the GO fluid is homogeneously
surrounded by the CTAB solution.

The uniformity of the fluid velocity of the CTAB solution
around the GO dispersion enables a higher control in the
interaction at the CTAB and GO interface, ensuring the for-
mation of a homogeneous and cylindrical fiber, even using a
microfluidic device with a rectangular shape. In addition, the
coaxial shear flow that occurs at the interface between GO and
CTAB fluids forces GO sheets to achieve high regularity and
alignment in the axis direction. The images shown in Fig. 1(c-
f) reinforce the results obtained with the CFD simulation
(Fig. S4t). The GO microfibers with long length and flexible
properties are shown in Fig. 1(c) and Fig. S5.f The 3DHFFM
device allows the formation of the GO microfibers in a con-
tinuous way, limiting the length of these by the dimensions of
the collector coagulant bath used, which can also be replaced
with an automated roller. The GO microfibers are flexible
enough to make a compact knot, as observed in the scanning
microscopy image (SEM) in Fig. 1(d). The GO microfibers have
a homogeneous structure, as seen in SEM images obtained in
low magnification (100x) of different GO microfibers (Fig. S6
(a(i-iii)).t The SEM image (Fig. 1e) shows the high-order align-
ment of the densely stacked GO sheets along the main axis,

This journal is © The Royal Society of Chemistry 2021

which can also be observed in the cross section SEM images in
higher (Fig. 1f) and lower magnification (Fig. S6(a-iv))T, reveal-
ing also that the GO microfiber has a circular shape. The
wrinkled surface (Fig. 1e) and the dentate-bends observed in
the GO microfiber cross section (Fig. 1f and Fig. S6(a-iv)t)
results from the large GO sheet size (Fig. S2(b)f) that must
take the folded structure to facilitate liquid evaporation.'®

Furthermore, we demonstrate by the use of the 3DHFFM
device the control of the GO fiber diameter by varying the
flow-rate ratio of the CTAB solution (Qcrag) and GO dispersion
(Qco), which is expressed by: R = (Qcras/Qaco)- Keeping the Qgo
constant at 1.5 mL min™", the values of R were studied in a
range of 2-8.7.

The SEM images in Fig. 2a(i-v) and the CFD simulation,
showing the streamlines colored by velocity magnitude for
CTAB solution (phase 1) and the GO dispersion (brown) along
the cross-section of the coaxial flow (Fig. 2b(i-v), clearly indi-
cate that the flow rate ratio significantly affects the diameter
of the GO microfibers. By increasing the R values from 2 to
8.7, the diameter of the GO microfibers decays exponentially,
as can be seen in Fig. 2(c) and expressed by the fitting
equations:

o x
y= 278.7(183.6)6( 1-4<i°-2>) +22.7(+1.3), (1)
R* = 0.954

X
y= 467.4(i114.9)e( 1-9(ir05)) +118.2(+11.4), (2)
R® =0.975

for the experimental and theoretical results, respectively. As
the basis of the hydrodynamic focusing concept, the increase
of the flow rate of the outer sheath fluid (CTAB solution)
enables the compression of the central flow (GO
dispersion).’®?° This compression, in addition to promoting
the constriction of the GO sheets, decreases the interaction
time between the CTAB molecules and GO sheets, by reducing
the required diffusion length,>***' and contributes to the for-
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Fig. 2 (a—c) Influence of the flow rate ratio on the diameter of the GO microfibers. SEM image (a) and cross-section image of the coaxial flow
showing the streamlines colored by velocity magnitude for CTAB solution (phase 1) and the GO dispersion (brown) obtained by CFD simulations (b)
as a function of flow rate ratio for R = 2 (i), 4 (i), 6 (iii), 7 (iv) and 8.7. (c) Graphical representation of the correlation between the experimental and
theoretical diameters of the GO microfiber as a function of the flow rate ratio. (d) SEM images of the surface morphology (i and ii) and cross-section

(iii) of the MW rGO microfibers.

mation of thinner fibers. This can be confirmed by the CFD
simulations shown in Fig. 2(b(i-v)), in which the magnitude of
the flow velocity of the outer sheath fluid increases as the flow
rate is increased, reducing the diameter of the GO fiber.
Besides that, the SEM micrographs (Fig. 2(a)i-v) show that as
the diameter of the GO microfibers decreases, the surface of
the GO microfibers becomes smoother, and the alignment of
the wrinkled structures of the GO nanosheets becomes more
regular along the fiber axis, as previously reported by Xu, Z.
et al.” In addition, the confinement and compaction of the GO
nanosheets promote an expressive improvement in the orien-
tation degree and crystallinity of the GO microfibers.”

From the analysis of Fig. 2(c), it is possible to observe that
the diameter of the GO microfibers estimated by the CFD
simulations for different R conditions is higher than that
obtained experimentally (by the SEM inspection of the GO
microfibers, Fig. 2(a)). This is related to the drying process of
the GO microfibers. After being removed from the coagulation
bath, the GO fibers are dried and compact microstructures are
formed by capillary shrinkage forces."

It has already been reported that the diameter of GO micro-
fibers obtained by wet-spinning and microfluidic spinning
approaches shrank to 1/10 to 1/3 that of the original GO fiber,

6754 | Nanoscale, 2021,13, 6752-6758

indicating that 67-90% of the volume of the gel-state fiber was
occupied by the coagulant and/or the remaining solvent.”> The
diameter reduction (%) of the GO microfibers obtained using
the 3DHFFM device as well as the theoretical simulation are
shown in Fig. S7,f in which a good correlation is clearly
observed. Using the fitting equations from Fig. 2(c) and
Fig. S71 is possible to predict and tune the diameter and dia-
meter reduction (%) of the GO microfibers obtained using the
3DHFFM device. These insights open opportunities to design
GO microfibers with controlled diameter and shape and to
define the set of boundary conditions where the 3DHFFM
device can operate to produce microfibers in a large-scale
approach.

The GO microfibers were reduced by thermal and micro-
wave (MW) treatment. Fig. 2(d) shows the morphological fea-
tures of the reduced graphene oxide fibers (rGO) after the MW
treatment (MW rGO microfibers). The MW rGO microfiber
shows an increase in diameter (Fig. 2(di)) when compared with
the GO and rGO microfibers (Fig. S8f) and an expressive
change in the surface morphology (Fig. 2(dii)), presenting a
crumpled surface. The MW treatment promotes the heating of
the rGO sheets to several thousands of degrees celsius in only
a few tens of ms,”® which induces the expansion and folding

This journal is © The Royal Society of Chemistry 2021
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of the rGO sheets, creating a hollow interior in the microfiber,
due to the fast removal of the oxygen functional groups. Fig. 2
(diii) presents a high magnification SEM cross-section image,
showing that the MW rGO nanosheets expanded and aligned
along the microfiber direction. In addition, in Fig. S6(civ)f it is
possible to see the well-defined hollow structure of the MW
rGO microfiber. The hollow structure is observed after the MW
treatment, and this feature is not observed in the GO (Fig. S6
(aiv)f) and rGO (Fig. S6(biv)t) microfibers.

The effect of microwave treatment on the rGO microfiber
features was investigated by Raman spectroscopy. Fig. 3(a)
shows representative Raman spectra for the GO, rGO and MW
rGO microfibers. The classical Raman features for graphene
derivatives consist of a D peak at ~1350 cm™" resulting from
the sp® carbons from defects (the D band does not appear in
high quality graphene), a G peak at ~1580 cm™" attributed to
the sp? carbons (refers to the stretching of the C-C bonds) and
a 2D peak at ~2700 cm ™" that is the second order mode of the
D band, which is directly related to the structural organization
in the two-dimensional plane of graphene.*® After the MW
treatment the Raman spectrum of the MW rGO microfiber
exhibits sharp and symmetrical 2D and G peaks and a nearly
absent D peak, indicating a high crystallinity of the material.
The intensity of the D band is usually used to estimate the
degree of structural disorder in the carbon samples.*
Therefore, the intensity ratio between the D and G bands (Ip/
I) was estimated for the GO (1.01 + 0.40), rGO (1.14 + 0.05)
and MW rGO (0.09 + 0.01) microfibers, indicating the restruc-
turing of the sp® carbon crystalline domains for the MW rGO
microfibers. The size of the crystalline domains, L,, for the
MW rGO microfibers was also estimated (see the ESIt), achiev-
ing high L, values of 217.86 + 12.11 nm, which is compatible
with graphene obtained by the chemical vapor deposition
(CVD) process.”® The full width at half maximum (FWHM) of
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the 2D band for the MW rGO microfiber (44.01 + 6.62 cm™") is
much smaller than that in the case of randomly stacked
single-layer graphene (~50 cm™").>® This feature is due the
expansion and folding of the rGO sheets in the microfiber
during the MW treatment, as can be seen in the Fig. 2(d-iii).
The MW treatment is reproducible, and Fig. S9f shows the
Raman spectra obtained for ten different MW rGO microfibers,
presenting similar Raman features, and it proved to be a
simple and efficient approach for the reduction of GO, restor-
ing the crystallinity of the nanosheets and significantly
increasing the size of sp> C domains.*” The chemical compo-
sition of the graphene derivative fibers and the effectiveness of
the reduction process were also evaluated by Fourier-transform
infrared spectroscopy (ESI and Fig. S107), where it was possible
to observe the complete removal of the CTAB residues and
oxygen functional groups from GO after the thermal and MW
treatment.

The electrical characteristics of the rGO and MW rGO were
also investigated. The current vs. voltage profiles of the rGO
and MW rGO microfibers are shown in Fig. 3(c), in which it is
possible to observe a significant increase from pA to mA for
the rGO and MW rGO microfibers, respectively. The conduc-
tivity of the microfibers was also determined (ESI and Fig. S11,
$127), with values of 430.00 + 131 S m™" and 1.39 x 10* +
9283.04 S m™" for rGO and MW rGO microfibers, respectively.
The MW rGO microfibers show outstanding electrical pro-
perties, much higher than those of several rGO microfibers
reported in the literature obtained by the wet-spinning
approach.'>?”?® This behaviour can be attributed to a combi-
nation of the alignment of the large GO sheets during microfi-
ber formation in the 3SDHFFM device and the microwave treat-
ment. The rGO and MW rGO were employed in the develop-
ment of ionic liquid gate FET devices as channel semi-
conductor materials (Fig. 3(d)). The rGO-based FET device
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Fig. 3 (a) Representative Raman spectra for the GO, rGO and MW rGO microfibers. (b) 2D band of MW-rGO with its respective Lorentzian fit, with a
FWHM of 44.01 + 6.62 cm™. (c) Current vs. voltage curve for the rGO and MW rGO microfibers. (d) Schematic representation of the ionic liquid gate
FET based on the graphene derivative microfibers. (e) Transfer characteristics, /45 vs. Vg, for a Vs of 100 mV in 1 mol L™* of sodium fluoride aqueous

solution, for the rGO and MW rGO used as a channel material in the FETs.
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does not present the expected V shape for the transfer charac-
teristics (Igs vS. Vys) (Fig. 3e, in red) of a graphene-based FET.*
The absence of the Dirac point can be attributed to the poor
reduction process. On the other hand, the MW rGO microfiber
shows the conventional V shape in the transfer characteristics
(Fig. 3e, in black), confirming that the MW rGO microfiber has
electrical characteristics necessary to behave like high-quality
graphene, responding to the field effect. Due to the outstand-
ing electrical properties of the MW rGO microfibers, previously
demonstrated, combined with their flexibility, the MW rGO
microfiber-based FET devices can easily be used in flexible
FET applications. These are some of the more crucial com-
ponents in wearable devices, such as biomedical sensors, elec-
tronic skins, wearable displays and electronic textiles, opening
a new path to advancing even more in the flexible electronics
technologies.

Conclusions

We explored the hydrodynamic focusing concept on a micro-
fluidic device to obtain graphene derivative microfibers with
controlled and homogeneous shapes and tuneable diameters.
The change in the microfiber diameter is simply achieved by
adjusting the flow rate ratio between the GO dispersion (core
fluid) and the coagulant solution (sheath fluid). The 3DHFFM
device, compared with the traditional wet-spinning approach,
provides a simple, fast, and easy alternative to obtain GO
microfibers with tuneable diameters in a continuous way,
without changing the spinnerets and the concentration of the
GO dispersions. The as-prepared GO microfibers show excel-
lent electrical properties after mild thermal annealing followed
by microwave treatment, enabling their use in the develop-
ment of ionic liquid-gate field-effect transistors (FET) based on
graphene derivative microfibers. The 3D hydrodynamic flow
focusing microfluidic device may be extended to other one-
(1D) and two-dimensional (2D) materials to produce hierarchi-
cal microfibers, by the controlled combination of different
heterostructures to achieve multifunctional applications.

Experimental section
Synthesis of GO

The graphene oxide was synthesized based on Hummer’s
method®® and purified using a fluid diffusion cell previously
reported by our group.® The detailed process of GO synthesis
and purification and the main features of the obtained GO dis-
persion are shown in the ESI and Fig. S2(a, b) and S3 of the
ESL+

Preparation of the GO microfibers using the 3D flow-focusing
microfluidic device

For the preparation of the GO microfibers using the 3D flow-
focusing microfluidic device, firstly an aqueous solution of
hexadecyl(trimethyl)Jammonium bromide (CTAB) 0.5 mg mL™"

6756 | Nanoscale, 2021,13, 6752-6758
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(coagulant solution) was injected, as the outer fluid, at 3.0 mL
min~" in the rectangular channel using a one side sheath flow
for flow focusing of the microfluidic device. 5 mg mL™" of a
GO dispersion was injected into the inner region of the rec-
tangular channel of the device at 1.5 mL min~'. The GO micro-
fiber was delivered into a coagulant bath containing the same
CTAB solution and transferred to an acetone bath for 30 s, to
remove the excess of CTAB and improve the drying step. Then
the GO microfibers were suspended over two parallel rods in
air to dry for 3 h.

Preparation of rGO and MWrGO microfibers

The reduction of the GO microfibers was performed following
the method developed by Voiry et al.>* To obtain the rGO
microfibers, a mild reduction was carried out by annealing at
300 °C, with a heating rate of 5 °C min™" for 30 min under Ar/
H, (80/8 sccm). To obtain the MWrGO microfibers the mildly
reduced GO was placed in a vial and microwaved (Electrolux
microwave oven, 900 W) for 2 s under argon, and after the
microwave irradiation a large arcing was observed around the
sample.

Characterization

The dimensions of the main channel of the microfluidic
device were characterized using a 3D laser scanning micro-
scope (Keyence, model VK-X200).

The viscosity and rheological behavior of the CTAB solution
(0.5 mg mL™") and GO dispersion (5 mg mL™") were deter-
mined using with a Brookfield viscometer, model LV DV-III
Ultra. For the CTAB solution sample, the measurements were
performed using a ULA 15 spindle and for the GO dispersion
samples a SC4 34 spindle was used. The viscosity and shear
stress measurements, to assess the rheological behavior of the
GO, were performed using a rotation range from 5 rpm up to
200 rpm, respecting the torque limit between 10 and 90%. The
temperature for all analyses was kept at 25 + 0.8 °C.

The Raman spectra for the graphene derivatives were
obtained using a Raman spectrometer from Witec, Aplha 300R
model, coupled to a confocal optical microscope, with a laser
set at 532 nm, with 1 mW of power and 600 gr mm™" grating.
The FTIR spectra were obtained on a Shimadzu IRAffinity-1S
Spectrometer with an attenuated total reflectance (ATR) acces-
sory (PIKE Technologies). The spectra were collected with a
resolution of 8 em™" and with an accumulation of 32 scans in
a range of 4000-600 cm ™. The graphene derivative microfibers
were characterized directly, without any pre-treatment. The
morphology and microstructure of the graphene derivatives
were characterized by field-emission scanning electron
microscopy (SEM) (Jeol, model JSM-7800). To obtain the cross-
section SEM images of the graphene derivative microfibers,
they were immersed in liquid nitrogen for a few minutes
(2-3 min) and then fractured with a certain slope inside the
liquid nitrogen bath.

The electrical resistance measurements of the graphene
derivative microfibers were performed using a Keysight
Technologies multimeter, model U1253B. The transfer

This journal is © The Royal Society of Chemistry 2021
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characteristics (Iqs vs. Vg, with a constant bias Vg5 = 100 mV)
for the FET devices based on the graphene derivative microfi-
bers were obtained in an electrolyte solution (1 mol L' of
sodium fluoride aqueous solution - Sigma-Aldrich), using a
Ag/AgCl micro-reference electrode to apply the gate voltage.
The FET-based graphene microfiber devices were connected
using a Signatone probe station and the transfer characteristic
curves were recorded using a semiconductor device parameter
analyzer from Keysight, model B1500A. The detailed process of
the electrical characterization of the graphene derivative
microfibers is shown in the ESI and Fig. S11(a, b) and S12 of
the ESL.}
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