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Abstract

Graphene oxide scrolls (GOS) are fabricated in higihd from a colloidal suspension of
graphene oxide (GO) sheets under shear stressviortax fluidic device (VFD) while
irradiated with a pulsed laser operating at 1064amch 250 mJ. This is in the absence of any
other reagents with the structure of the GOS astad using powder X-ray diffraction,
thermogravimetric analysis, differential scanningalocimetry, X-ray photoelectron
spectroscopy, Raman spectroscopy, transmissiontralecmicroscopy, atomic force

microscopy and scanning electron microscopy.
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1. Introduction

In recent years, graphene scrolls have attractedtain as a novel one dimensional (1D)
tubular topology materials derived from rolling @p 2D sheet of ubiquitous graphene.
Graphene and graphene oxide (GO) scrolls have grepeakin to other carbon nano-
materials, including high thermal and electricahdoctivities and excellent mechanical
properties [1,2], with potential in a number ophgations. These include hydrogen storage
[3,4], supercapacitors [5-7], batteries [8, 9ns®s [10] and electronic devices [11,12].
However, gaining access to graphene scrolls hagegrohallenging, not only for graphene,

but also for graphene oxide and reduced grapheide.ox

Graphene scrolls are accessible directly from gtaplising a spinning disc processor
(SDP) [13], via sonication of graphite intercalaticompounds [14] and from preformed
graphene sheets in isopropyl alcohol [15]. Grapleade scrolls (GOS) have been prepared
from graphene oxide using Lyophilization method6][Inicrowave irradiation of graphene
oxide [17] and a Langmuir—Blodgett approach, dleon preformed graphite oxide [18].
Fabricating such scroll structures from graphenegraphene oxide usually suffers from
limitations, including low vyield, and using harslmetnicals and energy intensive high
temperature and sonication processing, with loraggssing times. In the present research,
we have developed a facile method for the synthesiGOS from GO sheets in aqueous
solution, under high shear stress in a vortex ituakvice (VFD) [19]. This dynamic thin
film microfluidic platform has an angled tube rapidotating, with the angular dependence
important in a number of applications. Within thentfilm, typically below ca 50@m thick,
shear stress develops along with pressure wavehwhin mediate a number of biochemical,
chemical and materials transformations [19]. THeDVcan be operated in the so called
confined mode which is suited for small scale pssg®y, and under continuous flow mode.
The latter is an attractive feature of the devimreaddressing scalability of any processing at
the inception of the science. Here jet feeds deligagents into the inclined rapidly rotating

tube, which is typically a 20 mm OD borosilicatagg or quartz tube.

The VFD is a versatile microfluidic platform with raumber of applications, including
slicing of single, double and multi-walled carboanntubes [20], protein folding [21],
enhancing enzymatic reactions [22], protein immpailon [23], fabricating & tubules
using water as an anti-solvent against toluene, [@dfpliation of graphite and boron nitride
[25], growth of palladium and platinum nano-pagglon carbon nano-onions [26], probing



the structure of self-organized systems, and ctimgochemical reactivity and selectivity
[27].

In an earlier study we developed the use of a SRIh by necessity operates under
continuous flow, for preparing graphene scrollsedily from graphite, albeit in only 1%
yield [13]. The mechanism of this simultaneous &afmn and scroll formation is
understood on a theoretical basis, with a graplsteet lifting up and bending back under
shear, then contacting the upper surface of thaplggne sheet, as a stable transition state
[13]. Further bending back then leads to spontamaaotoll formation [13]. We hypothesised
that GO dispersed in solution has the potenti&mm scrolls under shear as a shape with the
least resistance to shear stress. However, thesléssaill not be packed at the van der Waals
limit between carbon atoms between successive tfrtige scroll because of the high levels
of defects and oxygenation. In contrast, graphemells generated from graphite using a
SDP have successive layers of carbon atoms atthder Waals limit, at distances similar to
the distances between layers in graphite itself.alge hypothesised that irradiation of GO
under high shear using a pulsed NIR laser mayifailscroll formation. This is based on the
expected increased flexibility of the GO sheet$high induced vibrational energy. There is
also potential for a reduction in site defectshaf GO on absorption of laser light at 1064 nm,
as has been established during slicing of carbamotnbes in the VFD at the same

wavelength [20].

In the present study, we systematically expldtesl different processing parameter
space of the VFD for generating scrolls of GO dispé in water, along with varying the
laser power and the choice of solvent, includiraprepyl alcohol (IPA) as a solvent that has
been used in forming graphene scrolls [15], andclviis environmentally friendly. Further
optimization involved recycling the collected sodut, but there was little change to the

nature of the product (Fig. S6. Supplementary Imftion).

2. Experimental

21. Chemicalsand materials
Graphene oxide sheets (GO) (average sheet sizB:um in cross section) was
synthesized by a modified Hummer's method and seth from Sigma Aldrich and Carbon

Solution, with both product giving similar results.



2.2. Preparation of GOS

The as-received GO was dispersed in water at a euwfodifferent concentrations
with each solution sonicated for 30 minutes to raffa black stable dispersion, noting that no
scrolls were observed after sonication (Fig. 2gdpr to processing in the VFD under the
described conditions, under a continuous flow cdt6.45 mL/min in a rotating quartz glass
tube 20 mm OD diameter and 18.5 cm long inclined 3t Optimal parameters for GOS
formation were 4k rpm rotational speed, laser po2&y mJ and 0.2 mg/mL concentration of
GO in water. The processing involved deliveringuapension of GO to the hemispherical
base of the tube in the VFD with the resulting thiim irradiated by a 5 nanosecond pulsed
Q-switch Nd: YAG laser operating at 1064 nm, with & mm diameter laser beam and a

repetition rate of 10 Hz.

2.3. Characterization

The GOS were characterized by scanning electrorostopy (SEM) performed using a FEI
Quanta 450 High Resolution Field Emission SEM, vativoltage of 10 kV, and working
distance of 10 mm, Atomic force microscopy (AFM)(Nanoscope 8.10 tapping mode),
Transmission electron microscopy (TEM) was condiliabd a TECNAI 20 microscope
operated at 120 and 200 kV. Raman measurements@a@neled at an excitation wavelength
of 532 nm € 5mW) at room temperature. X-ray powder diffractiohRD) data were
collected using a Bruker Advanced D8 diffractométapillary stage) using Cudkradiation

(A = 1.5418 A, 50 kW/40 mA,@= 5 — 80°). Samples for SEM and Raman analysi® wer
prepared on clean silicon wafers. The thermogratrimeanalysis (TGA) and differential
scanning calorimetry (DSC) measurements were redooth a Perkin Elmerat operating at a
heating rate of 3 @min under a nitrogen gas flow. X-ray photoelectspectroscopy (XPS)
data was acquired using a Kratos Axis ULTRA X-rapo®®electron Spectrometer
incorporating a 165 mm hemispherical electron enargalyser. The incident radiation was
monochromatic Al K& X-rays (1486.6 eV) at 150 W (15 kV, 15 ma). Sur¢eyde) scans
were taken at an analyser pass energy of 160 eVhaitgblex (narrow) high resolution scans
at 20eV. Scanned area is about 0.8 mm x 0.3 mnthendepth is less than 10 nm (volume is
approx. 240Qum®). Survey scans were carried out over 1200-0 edibinenergy range with
1.0 eV steps and a dwell time of 100 ms. Narroghhesolution scans were run with 0.05
ev steps and 250 ms dwell time. Base pressureeiarhlysis chamber was 1.0X1@rr and

during sample analysis 1.0x16orr.



3. Resultsand discussion

3.1. Optimisation of fabrication of GOS

Details of the processing for transforming 2D G@eth into 1D tubular like GOS
under shear stress within a VFD are summarisedign E As received GO was readily
dispersed in water as a stable uniform colloiddutgmn, which is made possible by the
hydrophilic groups on the surface of the 2D sh§&td8]. Fig. 1a schematically shows flat
sheets of GO, before processing in the VFD, with Eb showing the salient features of the
VFD which houses a 20 mm OD diameter quartz tulBes tm in length, inclined at 45
which is rapidly rotated with the solution irradidtwith a pulsed laser operating at 1064 nm
(see below discussions on optimisation studieg). E¢ schematically shows partially and
fully scrolled GO after processing in the VFD, iocardance with the TEM images (see
below).

Establishing the optimum conditions for forming GQO@/olved systematically
exploring the parameter space of the VFD operatimger continuous flow. This involved
varying the rotational speed from 2k rpm to 8k rpatipwed by using different laser power,
250 mJ, 400 mJ and 600 mJ, at different flow rate®.1, 0.45, 1.0 and 1.5 mg/mL, and
varying the concentration of GO, 0.1, 0.3 and 0g/mi. In addition, isopropyl alcohol
(IPA), as an alternative solvent which is readdynoved in vacuo post processing, was also
tested for GOS formation, with GO at 0.2 mg/mL, flifferent rotational speeds (See
Supplementary Information for detgil#\ flow rate of 0.45 mL/min has been establisheda
good starting point for a number of applicationstid VFD with the tube fixed at 25ilt
angle which is the optimal angle for all processiming the VFD [19]. The optimised
parameters for the highest conversion to GOS wempih with the pulsed laser operating at
250 mJ, for an aqueous suspension of GO at 0.2 mdAdmder these conditions there is no
evidence for residual 2D GO sheets and thus theersion to GOS or partial GOS is
essentially quantitative. Varying these parametessilted in samples with significantly less

GOS and partial GOS, as judged using a numberarbckerisation techniques (see below).
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Fig. 1. Schematic illustration of the experimental progedior fabricating GOS from GO sheets. (a) Solvated
GO sheets before processing in the VFD. (b) Scherothe experimental set up for the vortex flaidievice
(VFD) and Nd:YAG pulsed laser irradiation (opergtiat 1064 nm with the optimised power at 250 md an
rotational speed at 4k rpm. (c) GOS after processirthe VFD, inset is TEM image for GOS.

3.2. Characterisation of the GOS

The structure of GOS was initially examined usirap$mission electron microscopy
(TEM), atomic force microscopy (AFM) and scannirigogron microscopy (SEM). Fig. 2
shows TEM and AFM images of GO before processing after VFD processing,
establishing the formation of GOS. TEM and AFM ireagn Fig. 2 a-c are for graphene GO
before processing in the VFD, showing the presefdkat surfaces of GO of different sizes,
which are one or more layers in thickness, accgrdmnthe height profiles in Fig. 2d. In
addition, TEM and AFM were used to establish theureaof individual scrolls, Fig. 2 e-k.
Here the tubular structure of the GOS is revealeth different diameters ranging from 500
nm to a few micrometres. While the shape of GOSchrsely uniform, the differences in
diameter presumably reflects the presence of éifitesizes of GO sheets in the as received
material. TEM images establish that the GOS arepomed of single scrolled GO sheets, or a
relatively low number of graphene oxide layers, ahhis consistent with direct scrolling of
the as received material.




Fig. 2. (a-b) TEM images and (c) AFM images with height fijes in (d) of as-received GO (before
processing). (e-i) TEM and (j-k) AFM images of G@Sdifferent magnification after processing in YHeD at
4k rpm rotational speed, tilt angle®4&nd a flow rate of 0.45 mL/min, coupled with lageadiation at 250 mJ.

Further characterisation of the structure of thesmlls used SEM, at different
magnification. SEM images of GOS at a low magntfma are shown in Fig. 3 a-c,
highlighting the uniformity of the GOS material, dathus high conversion of GO to the
scrolls. For the optimised speed and concentrataw in the absence of laser irradiation, as
a control experiment, scroll formation is consitifeminimal (Fig. S2 e-f, Supplementary
Information). Overall, the results show that GOSioiform structure are fabricated using the

VFD while irradiated with a pulsed laser, at théiojpsed parameters.

Fig. 3. SEM images of GOS at different magnifications aftercessing in the VFD at 4k rpm rotational speed,
under continuous flow mode, tilt angle®4tnd a flow rate of 0.45 mL/min, coupled with laseadiation at 250
mJ.
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Fig. 4. XRD patterns of (aps received GO and (b) GOS in the VFD at rotatiepaed at 4k rpm, under
continuous flow mode, tilt angle 45with flow rate 0.45 mL/min, coupled with laseraidiation at 250 mJ. (c)
TGA and (d) DSC curvesf as received GO and GOS at scan rate 6C1lper minute in a nitrogen atmosphere.

In order to further evaluate the quality of the GQSay powder diffraction (XRD),
thermogravimetric analysis (TGA) and differentiatasning calorimetry (DSC) were
investigated. Fig. 4a displays XRD for as recei@d which has a dominant diffraction peak
corresponding to a d-spacing of 8.0818A, attribui@dhe (001) plane of the material, as
established elsewhere for GO [1, 16]. Fig. 4b aévehat GOS has two peaks, the peak
present for as received GO, and another break aeakd-spacing of 4.15302 A which is
characteristic of the (002) plane, and is consistgtn some reduction of the GO in forming
the GOS, as noted for laser irradiation of GChmabsence of VFD processing [28, 29].

The TGA of GOS and as received GO, recorded und@traosphere of nitrogen are shown
in Fig. 4c. GO has around 30% mass loss up te€C5&nd from 160 to 28&C there is a 10%
mass loss. This is due to loss of physisorbed watdecules as well as the removal of the
oxygen-containing functional groups, as reportethaliterature [30]. There is gradual mass
loss beyond 250C, corresponding to further removal of the funcéibgroups [30]. For
GOS, there is a mass loss around 28% up toe@QWhich is indicative of removal of some
oxygen-containing groups during the VFD proces#intpe presence of the pulsed laser, and
this is consistent with the XPS results (see belo@yerall, the mass losses in GOS is lower
than that of GO. This is consistent with removakoime of the functional groups during the
VFD/laser processing. In this context, we note tratcessing of CNTs in the VFD while
irradiated with a pulsed laser at 1064 nm resal@ reduction in the defects along the tubes,

presumably with a loss of oxygen functional gro{#3. Fig.4d shows the DSC curves for



GO and GOS, which revealed a narrow exothermic peabout 196C for GO, whereas in
GOS there is an exothermic peak at °C90rhe results are consistent with some oxygen-
containing groups being removed during laser ia@oin, analogous to that found in the

literatures [30-32].

GOS
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Fig. 5. (a) XPS C 1s spectra of as received GO before VKRgssing and (b) GOS formed in the VFD at 4k
rpm rotational speed, under continuous mode (flate 10.45 mL/min), tilt angle 45while irradiated with a
pulsed laser at 1064 nm and 250 mJ, and (c) Rapetra of GO and GOS (prepared as for (b)).

In order to further analyse the structure of GOSmMBn spectroscopy and X-ray
photoelectron spectroscopy (XPS) were recordeddareceived GO and GOS, Fig. 5, along
with processing GO in the VFD in the absence oédagadiation (Fig. S7, Supplementary
Information). There is some change in the Ramauotsa recorded using a 532 nm excitation
laser, from GO to GOS formed in the VFD coupledhviite pulsed laser irradiation, Fig. 4c.
The D band is a defect-related mode and the G isamskociated with the graphitic hexagon-
pinch mode [33]. For GO, the G band is at 1600 amhich corresponds to orderey?
bonded carbon, and the D band is at 1337 ,cwhich is attributed to edge planes and
disordered structures. For GOS, the Raman spedhans the presence of G and D bands at
1584 and 1337 cth respectively. It is noteworthy that the posititfithe G band for GOS is
shifted by~10 cm™* compared to the as received GO sheets, whichnisistent with reduced
disorder in the graphitic materials [34, 35]. Arsd of the Raman spectra usually involves a
comparison between the ratio of intensity of thbadd and D bands. The D/G intensity ratio
(ID/ 1G) before (GO) and after scroll formation (SPare 1.02 and 1.04 respectively,
whereas the ratio for processed material in theerad®s of laser was 1.06. While the

difference is not dramatic, the results suggestsithforming GOS, some oxygen functional

groups have been removed. This is likely to resuthorer—  interactions [29, 35, 36].



X-ray photoelectron spectroscopy (XPS) was usedetermine changes in the oxygen-
containing carbonaceous functional groups (C-OHQ @Gnd COOQO) associated with VFD
processing while irradiated with a pulsed lasere high resolution XPS I3 spectra of GO
and GOS are shown in Fig. 4a, b. The amount of Cei@ponent in GO, estimated at ca
57.6 atomic percentage (at%), increased slighth& at% in GOS. In addition, the amount
of C—O component in GO, estimated at 36.8%greased to 30.3% in GOS. The C/O atomic
ratio increased from 1.5 for GO to 2 for GOS. Thsults suggest that some of the oxygen-
containing functional groups have been removednduscroll formation in the VFD in the
presence of pulsed laser irradiation. More detailada is presented in Table S1, 2.
Supplementary Information. The XPS results are ister® with Raman spectroscopic data,
with loss of some oxygen functional groups on fargniGOS [29, 37]. XPS was also
measured for processed GO in the absence of lasehation, with the C—C component
estimated at 57.9% which is almost the same assthding material, while the C-O
component was estimated at 33.0 % which is less that the 36.6% for as received GO
(Table S1, 3. Supplementary Information).

The formation of GOS from GO sheets arises fromstiear stress in the complex fluid
dynamics in the thin film in the VFD [19]. At 435ilt angle, the liquid is accelerated up the
tube and pulled down by gravity, and there aretimtal speed induced pressure waves [19-
22]. Coupling shear and pressure waves with indwdehtional energy in the GO sheets
upon laser irradiation presumably facilitates therfation of the scrolls. Moreover, it would
account for no further improvement in the degreesaflling for each GO sheet upon
recycling the colloidal suspension of the GOS b#ulough the VFD at the optimised
processing parameters, at the same pressure weessnp at 4k rpm. We note that in an
earlier study the VFD was used to exfoliate graphito single layer graphene sheets without
the formation of any scrolls [19], in the absentéaseer irradiation. Thus any loss of oxygen
functionality at the edge of the GO sheets in tihesgnt study, under optimised VFD

processing and laser irradiation is unlikely talfeate scroll formation.

4. Conclusion

We have established an essentially quantitativendtion of GOS directly from GO in
water in a VFD microfluidic thin film processingagtform while irradiated with a NIR pulsed
laser, with the product devoid of 2D GO sheets. drtgntly the processing is under

continuous flow such that it can be scaled up,téchiby the volume that can be delivered



through a single VFD unit for a concentration & thg/mL. Scale up beyond this is possible
for a number of VFD units operating in paralleliora single large VFD. The versatility of
the VFD is further highlighted with this new aplion of the device, with the operating
parameters readily systematically varied in argviat the optimised settings, under
continuous flow. The residence time of liquid eimgrthe VFD and exiting at the top of the
rotating tube is close to 11 minutes for a floweraf 0.45 mL/min, such that the processing
time for small volumes of water containing dispensi of GOS is short. This new strategy for
generating GOS on demand, with the ability to sogleinder continuous flow sets the scene
for developing the applications of GOS, with sytittely useful quantities ca. 50 mg being
readily prepared in a single VFD.
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