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Abstract

A new method for transferring chemical vapor deposition (CVD)-grown monolayer
graphene, to a variety of substrates is described. The method makes use of an
organic/aqueous biphasic configuration, avoiding the use of any polymeric materials that can
cause severe contamination problems. The graphene-coated copper foil sample (on which
graphene was grown) sits at the interface between hexane and an aqueous etching solution of
ammonium persulfate to remove the copper. With the aid of an Si/SiO; substrate, the
graphene layer is then transferred to a second hexane/water interface, to remove etching
products. From this new location, CVD graphene is readily transferred to arbitrary substrates,
including three dimensional architectures as represented by atomic force microscopy (AFM)
tips and transmission electron microscopy (TEM) grids. Graphene produces a conformal
layer on AFM tips, to the very end, allowing the easy production of tips for conductive AFM
imaging. Graphene transferred to copper TEM grids provides large area, highly electron-
transparent substrates for TEM imaging. These substrates can also be used as working
electrodes for electrochemistry and high resolution wetting studies. By using scanning
electrochemical cell microscopy, it is possible to make electrochemical and wetting
measurements at either a free-standing graphene film or a copper-supported graphene area,

and readily determine any differences in behavior.



Introduction

1,2, 3 14, 5
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Since its discovery in 2004,! the outstanding electrica and chemica
properties of graphene have been revealed, highlighting it as a hugely promising material for
the future. The production of pristine graphene flakes was initially achieved through a
(Scotch-tape based) mechanical exfoliation' method. However, with this time-consuming
approach typically yielding micron-sized flakes, it is considered unrealistic for scale up
applications, where much larger areas of graphene are needed.®°

Recently, chemical vapor deposition (CVD) has shown considerable promise for the
synthesis of large-scale (with sheets of 30 inches in size reported!?), high-quality graphene.'!"
13 Among the metals used to catalyze the CVD growth of graphene, copper (Cu) is the most
popular, producing mostly monolayer graphene.'* However, depending on the application, an
effective methodology for the subsequent transfer of such films to substrates of interest is still
required.!®> This is far from easy, especially when a large, continuous sheet is desired, or
three-dimensional (3D) structures are to be covered. Polymer support routes have been
extensively employed for such transfer, in which a thin layer of polymer is deposited as a
new support (template) on the as-grown (metal-supported) graphene, to allow the removal of
the metallic substrate by wet etching or electrochemical delamination, ultimately producing a
polymer-supported ~ graphene  film.'® 7 Polymethylmethacrylate ~ (PMMA),'®
polydimethylsiloxane (PDMS)!® and polycarbonate?® layers (among others) are reported as
suitable templates for the transfer of graphene onto a wide variety of planar/flat substrates,
with the polymer subsequently removed through dissolution with organic solvents. Despite
intensive research into such methods, the resulting graphene surfaces commonly appear

21, 22

littered with stubborn polymer residues, which may have a detrimental effect on

subsequent applications, including the electronic and electrochemical performance of



graphene.?> 2* Consequently, alternative routes of transfer are being sought, with polymer-
free methods recently emerging as a fresh and promising way for clean graphene transfer.? 26

Herein, we introduce a polymer-free biphasic (liquid/liquid) approach for the transfer of
monolayer CVD graphene to a wide range of target substrates. Our approach makes use of an
inert non-polar and low viscosity liquid organic layer (hexane) lying on top of an aqueous
etchant layer (ammonium persulphate, (NH4)2S203), to stabilize and protect the free-standing
graphene sheet that is produced during the Cu wet etching and water rinsing processes.
Essentially, the hexane layer replaces the deposited polymer layers used in the majority of
current graphene transfer methods (vide supra), ensuring the freestanding graphene produced
after etching of the growth substrate is not torn apart by the surface tension associated with
the aqueous etchant solution. Crucially, the lack of heteroatoms and aromatic groups in
hexane, as well as its volatility and rapid evaporation, ensures that no residues are left on the
graphene surface and that there is no doping after transfer to the desired substrate. Note that,
although an organic/water interface was recently used to decorate CVD graphene films with
nanoparticles, the process used still relied on polymer coating and removal.?’

Additionally, we demonstrate the feasibility and versatility of our approach for coating
graphene onto coarse surfaces and 3D structures, due to the gentleness of the polymer-free
transfer method. Beyond flat substrates (e.g. Si/SiO2), monolayer graphene membranes have
been transferred to more topographically challenging substrates, such as atomic force
microscopy (AFM) tips and transmission electron microscopy (TEM) grids. The resulting
graphene-coated AFM tips and graphene TEM grids open up novel scientific avenues, for
example, new capability for conductive AFM mapping and atomic-resolution TEM imaging
of nanoparticles. Our method is also very suitable for the production of suspended graphene

layers, an important goal in graphene science and technology to understand substrate effects

on the resulting graphene properties.”® * Indeed, facilitated by this transfer method, we



introduce the first studies on the wettability and electrochemistry of suspended graphene

sheets.
Results and discussion

Polymer-free Transfer of CVD Graphene

The polymer-free biphasic transfer method is illustrated schematically in Figure 1.
Monolayer graphene was grown on polycrystalline Cu foils in a low-pressure commercial
CVD system, using methane as the carbon source (see Methods). After polishing the back of
the Cu foil (to remove the graphene grown on the backside), the sample was initially floated
(graphene side up) atop a 0.1 M (NH4)>S20s etching solution, which has been shown to
minimize residues compared to the other commonly used FeCl; and Fe(NOs3); solutions.” 3
At this point, a non-polar hexane layer was gently added dropwise to the surface of the
etchant solution with a syringe, so that the graphene/Cu sample was trapped at the resulting
organic/aqueous biphasic interface, with the exposed face of the hydrophobic graphene in
contact only with the hexane, and the Cu foil exposed to the etchant solution. After sufficient
etching time (~12 h), only the synthesized graphene sheet remained trapped at the interface.
Note that the surface tension for the hexane/water interface is ca. 45 mN m!, %% 3! lower than
that of the air/water interface, which prevents the water layer pulling the sheet apart, as would
be the case if the non-polar layer were not present.?® The ‘soft support’ from the hexane layer

also protects the graphene sheet by minimizing physical drift at the interface.
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Figure 1 Schematic of the polymer-free biphasic method for CVD graphene transfer.

To further minimize any possible contamination from etchant salts produced, the
monolayer graphene sheet was scooped out and transferred to a new hexane/pure water
interface with the aid of an Si/SiO; wafer. After this cleaning step, the free-standing graphene
sheet was scooped out from the interface using an arbitrary substrate of interest (e.g. Si/SiO»
wafers, AFM tips and TEM grids for the studies herein) in a single swift motion, before being
left to dry at room temperature (see Supporting Information (S1I), section S1).

Salient observations from an etching process are presented in Figure 2. As shown in
Figures 2a to 2c, there is a gradual etching of the copper foil, eventually leading to a
complete and highly transparent graphene film of large area floating at the interface and
maintaining its integrity. At this stage, the graphene film was ready to be transferred with a
silicon wafer to a new hexane/pure water interface for 5 h, for the removal of any excess
etchant salts (Figure 2d shows the start of this process). A video ‘transfer. AVI’ demonstrating

the final transfer onto an Si/SiO» wafer can be downloaded as part of the SI.



Figure 2 (a)-(c) Optical images of an as-grown graphene/copper sample floating at the
interface between a hexane layer and a 0.1 M (NH4)2S20s aqueous solution during etching.
(d) Optical image of the initial moments of the graphene film being scooped out by means of

an S1/S10; substrate. A video in the SI shows the rest of the transfer process.

A clean and complete graphene film was transferred onto Si/Si0O2, as evident by the
optical and AFM images obtained after transfer (see SI, section S2). Raman spectroscopy
measurements were also carried out to characterize the graphene samples (see SI, section S3).
The Raman spectrum of graphene on copper showed a pronounced 2D band at 2664 cm™! and
a small G band at 1587 cm™!, with almost no detectable D peak observed. This indicates the
CVD growth of relatively high quality monolayer graphene.'”?>32 When the graphene sheet
was fully transferred onto an Si/SiO> wafer using our polymer-free transfer method, the
intensity ratio of the 2D and G peaks (l2p/lg) was >2, with an associated full width at half-
maximum (FWHM) for the 2D band of ~28 cm’!, reaffirming the monolayer nature of the
graphene grown. There was a small D band (at 1333 cm™) in the Raman spectrum of
graphene on Si/Si0», with a D band intensity (/p) to G band intensity (Ig) ratio of 0.11, being
relatively uniform on the transferred graphene, as shown by the Raman map. This value
suggests that relatively low-defect CVD graphene ** was obtained by our growth and transfer
process, of similar structural quality to that from polymer-assisted transfer methods

commonly used in the literature (see SI, section S4).%



Fabrication and Utilization of Conductive Graphene AFM tips

Sheets of graphene find interesting use as an ultrathin template for the characterization of
nanoscale structures trapped on a substrate, including molecules,** nanoparticles®> and
biological entities (e.g. bacteria®® or viruses’’). The polymer-free biphasic method is
attractive for the coating of fragile, small and coarse substrates. We exemplified this
capability by coating AFM probes with free-standing graphene films.

CVD graphene films were deposited onto AFM probes following the biphasic procedure
described in the previous section (also see Methods). After the transfer, the presence of
graphene on the AFM probe cantilever was observable under an optical microscope. The tips
were further characterized with scanning electron microscopy (SEM) (Figures 3a and 3b) and
TEM (Figure 3c), from which relatively few superficial features can be assigned to folds and
wrinkles of the monolayer graphene. The images prove that the layer of graphene conforms
very well to the AFM tip geometry, appearing to coat the AFM tip entirely, as well as the
back of the cantilever by wrapping around it. Importantly, for AFM probe applications, we
were interested in determining that the tip apex was also coated continuously with graphene,
and to discard the possibility of a perforation of the graphene film by the very sharp end of
the tip. TEM imaging (see Figure 3c) of graphene-coated AFM tips confirmed the presence
of a continuous thin layer at the end of the tip, assigned to the graphene sheet. An attribute of
the graphene coating is the thinness of the layer so that there is little change of the tip radius
of curvature after coating to produce a conductive tip. This contrasts with metal-coated AFM

38,39 with an

tips, where several 10s of nm are typically deposited to make a conducting tip,
impact on the spatial resolution of the imaging probe.

We converted as-prepared graphene-coated AFM tips into conductive AFM probes, by
evaporating a continuous gold thin film onto the back of the AFM tip chip, wrapped by the

graphene layer, to which an electrical contact was made (see the schematics in Figure 3d).



Simultaneous AFM maps of topography and electrical conductivity of highly oriented
pyrolytic graphite (HOPG) were recorded. This substrate was chosen for the well-known
structure and the electrical heterogeneity of its surface after exfoliation.*> *! As shown in
Figure 3e, the surface presents several graphitic planes that show distinct electrical
conductivity, in agreement with the behavior previously reported employing metal-coated
AFM probes for its characterization.*>** We found that a single tip could be used for more
than 50 hours for conductive AFM measurements without noticeable deterioration in
performance (a total of > 50 images, each of a 5 um x 5 um area). Our transfer method brings
to the fore a quick and easy approach for making these tips. Such conducting probes may also
serve as a platform for molecular junctions,** and other applications, e.g. in electrochemistry

and electrochemical imaging.
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Figure 3 (a)-(b) SEM images of two graphene-coated AFM tips. (c) TEM images of the end
of a graphene-coated AFM tip. (d) Schematic illustration of the production of a conductive
AFM probe by coating graphene on a commercial tip, followed by gold evaporation on the
back. (e) Topography and conductivity maps for a 5 um x Sum area of high quality highly
oriented pyrolytic graphite (HOPG), utilizing a graphene-coated conductive AFM tip.

Experimental details are given in Methods.
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Graphene Coating on TEM Grids

There is currently considerable interest in using graphene films as supports for TEM
measurements.***7 However, most processes to deposit graphene on holey TEM grids use
polymer-assisted routes.*® One study that was free of polymer, however, involved the etching
of an Si/Si0O> layer, but this is time-consuming and possibly introduces more contaminants to
the graphene surface.*

In this study, we employed the biphasic graphene transfer method to produce TEM grids
with one continuous single layer of CVD graphene as a support (see Methods). This
represents a simple, cheap and quick route to obtain graphene TEM substrates. The original
TEM grids were in the form of Cu meshes with holes (11.5 um x 11.5 pm), so that the
transfer of graphene resulted in sections with a suspended graphene membrane (across the
holes) and a supported graphene film (on the Cu grid). After the transfer, the coverage was
complete for the majority of the grid, and an area of the as-prepared graphene TEM grid was
characterized by AFM and SEM (Figure 4). In the AFM image of Figure 4a, a partially-
coated hole in the upper left corner is deliberately displayed to present the contrast between
covered-uncovered regions. The whole layer of graphene is therefore well-coated across the
grid, with regions of suspended graphene membrane slightly subsiding from the surrounding
Cu bars, but remaining continuous, due to its strong mechanical properties (SI, section S5).

SEM images of a partially-covered hole, at the edge of graphene film (Figure 4b-d), show
that the graphene film provides an excellent conformal coating over the relatively coarse Cu
surface, as was also found for AFM tips. An important factor responsible for the excellent
coating is the evaporation of water and hexane trapped between the graphene sheet and the
TEM grid after the transfer which can act to pull both materials into intimate contact.?> %’
Compared with transfer methods that are assisted by relatively rigid polymer films, such as

PMMA and PDMS, this new method directly utilizes a graphene film that is more flexible,
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while also being free from additional treatments (e.g. heating) used to enhance the contact,

which are often required for polymer-transferred graphene.’

Figure 4 (a) 50 pum x 50 um AFM image of part of the fabricated graphene TEM grid
(schematic in the inset), with a partially-coated window observed in the upper left corner. (b)
Top and (c)-(d) side views of false-colored SEM images of a graphene partially-coated
window of a TEM grid (graphene in blue). The true color images can be found in SI (section

S3, Figure S4).

Graphene Membrane as a Support for TEM Characterization

The two-dimensional ultrathin nature of graphene, and its low atomic number, together with
excellent mechanical, thermal and electrical stability, presently make it the ultimate support
film for TEM studies.? 43-4859-51 Indeed, graphene supports are nearly transparent to electron
beams, and enable atomic-resolution imaging of objects, such as biological molecules,*® gold

50 or small organic molecules,’’ which would

nanocrystals and its citrate capping agents,
otherwise be very difficult to be observed with TEM using commercial carbon supports.

Herein, we imaged gold nanoparticles (AuNPs) to demonstrate that the suspended

graphene membranes obtained with our biphasic method can be used as TEM supports. A
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drop of solution containing AuNPs was deposited onto the graphene-coated TEM grid, and
left in air to dry before TEM imaging was carried out. Figure 5a shows several AuNPs loaded
on the free-standing graphene membrane. They are of regular shape and similar size (~10 nm
diameter), as expected. High-resolution TEM characterization was also performed, from
which the gold atomic structure and ligands (citrate, blurred surroundings) of a single AuNP

can be seen (Figure 5b).

Figure 5 (a) Low-magnification TEM image of gold nanoparticles capped by citrate and (b)
high-resolution TEM image of a gold nanoparticle, on a suspended graphene membrane over

a Cu TEM grid.

Wetting and Electrochemistry of Supported and Suspended Graphene
The graphene TEM substrate opens up further opportunities of investigating electrochemistry
at suspended graphene, for the first time, and comparing the response to that of Cu-supported
graphene on the same sample. This is possible using scanning electrochemical cell
microscopy (SECCM), which essentially brings a small-scale meniscus electrochemical cell
and counter/reference electrodes to a surface (working electrode), allowing electrochemical
measurements of unusual electrode materials (see Figure 6a). >

It is well known that the properties of graphene may be strongly influenced by the

supporting substrate; hence studies on free-standing graphene are of enormous interest.’>>’
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The graphene TEM grid was electrochemically tested with two well-known redox couples;
(ferrocenylmethyl)trimethylammonium (FcTMA*Y?) and hexaammineruthenium
(Ru(NH3)6>*?*). SECCM utilizes a tapered theta pipet, filled with a solution of interest, such
that a meniscus is formed across the two barrels at the end of the pipet. A bias, V1, is applied
between the two quasi-reference counter electrodes (QRCEs, an Ag/AgCl wire inserted into
each barrel), to produce an ion conductance/migration current (ipc) between the barrels.
When the meniscus comes into contact with the surface of a substrate (working electrode), its
potential is controlled by tuning V>, so that -(Vi/2+V>) vs. QRCE is the working electrode
potential (E) and igc the corresponding electrochemical current due to any redox reactions.
This platform confines the electrochemical cell to sub-micron (nanoscale) dimensions, and
allows either the Cu-supported graphene or suspended graphene on the TEM grid to be
assessed individually by careful positioning of the SECCM probe in different places of
sample.

The SECCM setup was mounted on an inverted microscope, to facilitate the precise
navigation and landing of the meniscus onto the graphene film. The pipet was firstly
approached near to the graphene sheet, without establishing meniscus contact, by means of a
micropositioner. The diffraction of light due to the presence of the pipet was clearly seen
through the inverted microscope and used to locate the position of the pipet with respect to
the TEM grid (on the suspended graphene or on the supported graphene) (see SI, section S6).
From this point, further finer pipet approach was achieved with high control of the z-piezo of
the SECCM setup. The ion conductance current or ipc can be indicative of the size of the

41, 52-54

meniscus between pipet and substrate, and was used here to diagnose landing of the

meniscus on the surface and control of the pipet (as described previously®®).
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Figure 6 (a) Schematic for an SECCM pipet landing on the supported and suspended parts of
a graphene membrane over a Cu TEM grid (not to scale). An SEM image of the end of the
type of pipet used is shown as an inset. Typical approach curves demonstrating the change of
ion currents (ipc) against z-piezo displacement when a pipet meniscus was landed on (b)
supported and (c) suspended graphene. The dashed vertical lines indicate the position where
the meniscus first contacted the graphene surface (red) and wetted graphene (green, (b)).
These approaches are representative of more than 16 measurements carried out for each of

these two scenarios.

In Figure 6b and 6¢, we show representative approaches of ipc vs. z-piezo displacement
against supported and suspended graphene (representative of >16 experiments in each case).
On the supported graphene (Figure 6b), after the first contact of the meniscus with the
conductive substrate (detected through a current spike in the electrochemical current igc), the
meniscus was squeezed against the solid surface, as deduced from the continuous decrease of
ipc with the approach.”” This value dropped by approx. 20 % until a sudden increase in the
current was detected at a piezo displacement of ca. 33.9 um, attributed to the meniscus, under
pressure, suddenly wetting the surface. In contrast, when the pipet meniscus came into

contact with the suspended graphene sheet (Figure 6¢), ipc decreased monotonically by up to
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~30 %, during squeezing of the meniscus. This provides some qualitative implications about
the difference in the wettability of Cu-supported graphene and suspended graphene.

The wettability of graphene is of considerable interest, given the increasing application of
graphene-coated materials. Yet, the relatively few studies available are not in agreement,
especially on the effect of the substrate.? > ! To the best of our knowledge, the intrinsic
wettability of suspended graphene has only been predicted theoretically by molecular
dynamics,®? and has not been measured, due to experimental challenges. Our studies suggest
that Cu-supported graphene exhibits stronger wettability compared with a free-standing
graphene sheet. This is in line with theoretical studies showing that the contact angle of water
on suspended graphene is higher than on Cu-supported graphene.?® 6264

To further investigate the wettability of the suspended graphene membrane, approach and
retract experiments were carried out in which the meniscus of an SECCM pipet was pushed
further against the graphene with the precise control of the z-piezo, while ipc against z-piezo
displacement was recorded, and the reverse (pull-off) of the meniscus was also measured. An
example of these approach and retract curves (with ion conductance current ipc normalized to
the initial value of the approach imi, ipc/imi) is presented in Figure 7 (which is typical of 3
different experiments). The pipet came into contact with the graphene sheet at position 1 on
the approach, and as the pushing continued, a gradual decrease of the ionic current is
observed due to meniscus compression (as described for Figure 6). The decrease (by ~25 %)
stopped at position 2, after which there was a slight increase of the current that we attribute to
minor meniscus wetting. This is because the wettability of suspended graphene can be
enhanced if strained,®> and the force on the meniscus between the pipet and graphene may
also aid wetting. The pipet was pushed further until position 3, whereupon the translation of
the pipet was reversed. Interestingly, there is clearly an attractive interaction between water

molecules and the atomically thin carbon sheet as when the pipet was pulled away from the
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substrate surface, an increase in ipc is observed (positions 4, 5 and 6), due to the expansion
(pulling) of the meniscus formed between SECCM probe and graphene substrate. These
observations are consistent with recent theoretical predictions.®! The meniscus detached at
position 7, and the ipc (meniscus confined to the pipet) decreased suddenly to its original

value.

Retract

2
1
Approach @
1 1 L I 1
227 228 229 23 231 23.2 233

z-piezo displacement / um

Figure 7 Plot of normalized ion conductance current as a function of the z-piezo
displacement during the approach and retract processes of an SECCM pipet on suspended

graphene.

Suspended graphene devices obtained with our biphasic method, in combination with
SECCM, were also employed to study electrochemistry at suspended graphene for the first
time. Upon meniscus contact with the graphene sheet, the pipet was held and three cyclic
voltammograms (CVs) were recorded at a scan rate of 0.1 V s at each landing site for: (i)
FcTMA*2* (oxidation); (i) Ru(NH3)6>*?* (reduction) in separate experiments (Figure 8). The
CVs show the sigmoidal response of a microelectrochemical system with non-linear

41, 53, 66

(spherical segment) diffusion, and are very reproducible. These data are representative
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of >6 spot measurements for each of the two couples. For FCTMA*2*, the values of the
potential difference between the 3/4 and 1/4-wave potentials (E34-E1/4), which is indicative of

the reversibility of the system,5 ¢’

was similar on Cu-supported graphene (75 = 2 mV) and
suspended graphene (71 + 2 mV). With respect to Ru(NH3)s’***, the CVs on Cu-supported
graphene film, led to 69 = 2 mV for FEi4-E34 and an Eis-E34 value of 72 + 2 mV was
obtained for suspended graphene. All the CVs observed are characteristic of relatively fast
(but not reversible) electron transfer kinetics for FCTMA*?* and Ru(NH3)s**?* on the CVD
graphene prepared herein, and are broadly in agreement with previous studies on Si/SiO»-
and Cu-supported CVD graphene with the same, and similar, redox species.?? %%
Cu-supported graphene and suspended graphene on the TEM grid, along with graphene
transferred onto Si/Si0> (see SI, section S7), behave in essentially the same way (within
experimental error) towards the redox couples studied. There is no detectable substrate effect
on the electrochemistry of CVD monolayer graphene, at the spatial resolution of this study.
Note that the limiting currents of FcTMA*?* and Ru(NH3)s*>*?* on suspended graphene, are
lower than those of Cu-supported graphene. This is due to the different wettability of the

supported and suspended graphene membranes, producing different meniscus contact

(working electrode) areas and mass transport rates (vide supra, Figure 6).
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Figure 8 Cyclic voltammograms for the oxidation of 1 mM FcTMA™* and the reduction of 1
mM Ru(NH3)6** in 25 mM KClI, recorded at 0.1 V s on (a) supported graphene and (b)
suspended graphene. Three consecutive cycles are shown for each case: the 1% (blue), 2™
(black) and 3™ (red) scans. The data are representative of measurements in >6 different

locations (spots) for each couple.

Conclusions

A new and efficient polymer-free biphasic (liquid/liquid) method for the transfer of
monolayer graphene to a variety of substrates has been demonstrated that opens up new
applications and avenues for graphene studies. Key advantages of the method are that the
graphene films produced are completely free from any polymer contamination and that
detrimental treatments, often associated with polymer-supported transfer routes, are
minimized.

The new polymer-free transfer process is easy to implement and we have shown the
capability of the method for transferring graphene (of centimetre scale) onto arbitrary

substrates, including complex 3D objects, such as AFM tips and TEM grids. The transferred
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graphene has been shown to adapt well to the substrate surfaces, resulting in high quality
conductive graphene-coated AFM tips and graphene TEM grids. Graphene coating of AFM
tips is advantageous compared to metal-coated tips in that the spatial resolution is not
compromised, due to the thinness of the graphene layer. Note that although graphene transfer
was exemplified with single tips, it should be possible to coat batches (wafers) of AFM
probes from the transfer of a single graphene sheet, considering that large area graphene films
can be produced by CVD growth. The resulting graphene-coated AFM probes would also be
amenable to further covalent functionalization, for example, via the reduction of diazonium
molecules, offering a new platform by which to produce probes for molecular recognition
applications, as an alternative to the standard thiol modification of gold-coated tips. It is
expected that the probes could be further modified into ultramicroelectrodes for use in
combined atomic force and scanning electrochemical microscopy (AFM-SECM), among
other applications.

Graphene-coated TEM grids have enabled the wettability and electrochemistry of
suspended graphene to be explored for the first time, and also provide a powerful platform
for high-resolution imaging of nanostructures. The electrochemical activity of suspended
graphene (no discernible difference to supported graphene) makes it suitable for use in
sensors and other devices. The electrode/TEM grid combination would serve as a powerful
platform for the electrodeposition of nanomaterials for subsequent TEM characterization, and
it may also be possible to use the transfer method to fabricate cells for in-situ TEM
measurements. Further work to explore the graphene coating of soft materials, in particular,

could be very worthwhile.
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Methods

CVD Growth of Graphene. Monolayer graphene was synthesized in a commercial low-
pressure CVD system (NanoCVD 8G, Moorefield Associates, UK). Copper foil (#13382, 25
um, 99.8%, Alfa Aesar) was cut into ~1 cm x 1 cm square substrates and subsequently
cleaned with acetone, propan-2-ol and water before being put into the CVD growth chamber.
A purge regime was performed, pumping the system to vacuum and back filling with Ar, five
times. Subsequently, the sample was heated to 900 °C as quickly as possible, under a flow of
190 standard cubic centimeters per minute (sccm) Ar and 10 sccm H, before maintaining
900 °C for 2 minutes. The temperature was then quickly increased to 1000 °C under the same
gas flow conditions. The pressure regime of the system was also changed, and set to maintain
a chamber pressure of 10 Torr. The system was left to stabilize for 15 min to anneal the
copper foils, before 17 % (of total gas flow) CH4 was introduced for 10 min, promoting
graphene growth. Post-growth, the CH4 flow was halted, while a flow of 120 sccm Ar and 10
sccm H» was still maintained, allowing the system to cool down to 100 °C, at which point the

system was vented and the sample was taken into air to cool down to room temperature.

Polymer-free Graphene Transfer. Mechanical polishing was employed to remove the
graphene layer that grows on the backside of copper, with sandpaper (Buehler, P 4000),
exposing the copper surface and facilitating the subsequent etching. For this purpose, the
graphene/Cu sample was gently placed onto the surface of a 0.1 M ammonium persulfate
((NH4)2S20s, Sigma-Aldrich, >98 %) aqueous solution, and a layer of hexane (VWR
Chemicals, 99 %) was slowly added on top by means of a syringe. After an appropriate
etching time (~12 h) to remove the copper substrate, the graphene layer was left trapped at
the interface. The graphene sheet was scooped out with a clean Si/SiO» substrate, completing

the first transfer step. A second transfer to a new liquid/liquid interface was carried out to
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remove any residual salt particles and debris from the back of the graphene layer. This was
readily achieved by bringing the graphene-Si/SiO: substrate to an interface between hexane
and water. The graphene sheet was kept there for 5 h, to aid cleaning. For the coating of AFM
tips (RFESP and SNL-10, Bruker) and copper TEM grids (3 mm, 1500 meshes, SPI
Supplies), these substrates were temporarily glued onto a small piece of Si/Si0O; as a support
to facilitate manipulation with tweezers and scoop out the graphene sheet. The substrates

were left in air briefly to dry before use.

Scanning Electrochemical Cell Microscopy. The main features of the SECCM setup are
illustrated in the main text and described elsewhere.”> "® A double barrel capillary (1.5 mm
o.d., 1.2 mm i.d., TGC150-10, Harvard Apparatus) was pulled to a ~400 nm tapered end,
using a COp-laser puller (P-2000, Sutter Instruments). The pipet was then silanized in
dichlorodimethylsilane (Si(CH3)>Cl2, Acros Organics, 99+ %,) to provide a hydrophobic
outer wall, before filling with a solution containing the redox species of interest; either 1 mM
(ferrocenylmethyl)trimethylammonium hexafluorophosphate (FCcTMAPFs) or 1 mM
hexaammineruthenium (III) chloride (Ru(NH3)sClz, Strem Chemicals, 99.00 %) in 25 mM
KCl. A data acquisition rate of 390 points per second (each point the average of 256

readings) was achieved using an FPGA card (PCle-7852R) with a LabVIEW 2013 interface.

Sample Characterization. Raman spectra and map were acquired using a Renishaw inVia
micro-Raman microscope fitted with a CCD detector and a 633 nm Ar" laser. A laser power
of ~6 mW was employed through a 50x magnification lens, resulting in a laser spot size on
the graphene surface of ~1 pum in diameter. Field-emission SEM images of SECCM pipets,
conductive graphene AFM tips and graphene TEM grids were obtained with a Zeiss Supra

55-VP microscope, at an acceleration voltage of 3 kV, with a secondary electron detector.
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AFM imaging of HOPG was carried out with a home-modified Innova AFM (Bruker). The
HOPG sample was kindly provided by Prof. R. L. McCreery (University of Alberta, Canada),
originating from Dr. A. Moore, Union Carbide (now GE Advanced Ceramics). For TEM
imaging, a JEOL JEM-2000FX TEM was used to image the graphene-coated AFM probes.
High-resolution TEM images of gold nanoparticles (10 nm diameter, in citrate buffer,
Aldrich) on graphene-coated TEM grids were taken using a JEOL JEM-2100 LaBs TEM.

Both microscopes were operated at 200 kV accelerating voltage.
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S1 | Operation of the Polymer-free Method

To transfer the freestanding graphene layer, the substrate of choice was positioned across the
interface in an angle (~45°), to the edge of the graphene film, and was withdrawn from the
solution in a single slow motion, while maintaining a low force on the graphene sample, as shown

in Figure S1. This ensured that a complete graphene film was transferred.

Organic

Aqueous

Figure S1 Schematic of the scooping of graphene from the polymer-free transfer method.



S2 | Optical and AFM Characterization of CVD Graphene on Si/SiO;

As evident by the optical image (Figure S2a), a complete graphene film can be transferred onto
Si/SiO2 using our polymer-free method, with tears and wrinkles only occasionally seen. AFM
imaging revealed a good cleanliness of graphene surface after transfer (Figure S2b), with no

obvious residues observed, usually associated with polymer-supported methods.
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Figure S2 (a) Optical microscope and (b) AFM images of transferred graphene on Si/SiO> using

the polymer-free transfer method.
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S3 | Raman Characterization of CVD Monolayer Graphene
Raman spectroscopy measurements were carried out on as-grown graphene/Cu samples and
graphene transferred onto Si/SiO; using the biphasic method (Figure S3). These spectra highlight

the high-quality CVD growth and efficient transfer of monolayer graphene (see main text).!

Graphene grown on Cu

Intensity / a.u.

Graphene transferred
h onto SifSIiO,

T T T T
1500 2000 2500 3000
Raman shift / cm*

Figure S3 (a) Raman spectra of as-grown graphene film on copper, and fully transferred graphene

on Si/S102 by the new polymer-free biphasic method. (b) Raman mapping of graphene on Si/Si0-.



S4 | PDMS-assisted Graphene Transfer

The PDMS-assisted transfer method has been reported to be a most developed methodology in the
literature, ® and is widely adopted in the graphene community. It was important to demonstrate
that the polymer-free biphasic transfer method did not produce more mechanically-introduced
defects in the graphene, as compared to this polymer-support route. Thus, comparative
experiments using a traditional PDMS-supported transfer process were carried out. Graphene
samples were synthesized under the same CVD chamber conditions as used for biphasic transfer
studies, to ensure the starting material was of the same quality. The as-grown graphene/Cu
samples were polished on the back, as described in main text, and then coated with a PDMS layer.
For the preparation of PDMS films, the pre-polymer and curing agent (Sylgard 184 elastomer),
with a ratio of 10:1 (w/w), were fully mixed in a petri dish and then degassed in a desiccator for
30 min. A tiny amount of the mixture was poured slowly onto the front side of the sample,
developing a thin layer on top of the graphene, and the sample was then kept at 70 °C in an oven
for one hour. After cooling down, the PDMS-coated sample was gently laid on the surface of 0.1
M (NH4)2S20s aqueous solution, with the polymer side facing up, and wet etched for the same
period of time (~12 h) as our biphasic method. The sample was subsequently transferred to pure
water with the aid of an Si/SiO, wafer, to remove possible salt contaminants. After an appropriate
time (~5 h), the sample was scooped out using an Si/SiO» wafer and left in air to dry.
Representative Raman spectra for the graphene films, produced by both the PDMS-supported
route and the biphasic method (main text), are presented in Figure S4. There is no noticeable
difference in the intrinsic quality of the graphene films, as indicated by the Ip/Ig ratios of < 0.2.
Full width at half-maximum values of 36 cm™ (PDMS route) and 28 cm™ (biphasic route) for the
2D band were indicative of monolayer graphene.* Significantly, considering the PDMS block had

not been dissolved with organic solvents for the PDMS/graphene sample, a process which could
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introduce further defects, it is clear that the biphasic approach is capable of producing transferred
graphene films on Si/Si0; of at least similar quality to those transferred using traditional polymer-

supported routes, while eliminating the polymer residue problem.

— PDMS
= Graphene on PDMS
—— Graphene from biphasic approach
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<
=
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= A JL
T T T T T T T T
1500 2000 2500 3000

Raman shift / cm™*
Figure S4 Raman spectra of PDMS, graphene on PDMS and graphene transferred onto Si/SiO»

using the polymer-free biphasic approach.



S5 | Graphene-coated TEM Grids
Graphene-coated TEM grids were characterized with SEM. Windows with a full coverage of
graphene were observed, indicating the production of extensive areas of continuous suspended

graphene membranes (Figure S5).

Figure S5 SEM image of (a) part of a graphene-coated TEM grid and (b) a graphene fully-

covered window on the grid.
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The true color SEM images for Figure 4b-4d in main text are shown in Figure S6, demonstrating
the transparent suspended graphene membrane over the holes and the highly adaptable coating of

a graphene sheet on the metal structure of a TEM grid, obtained with the biphasic transfer method.

Figure S6 (a) Top and (b)-(c) side views of SEM images of a graphene partially-coated window

of a TEM grid.
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S6 | Optical Views of an SECCM Pipet Approaching Towards Cu-supported

Graphene and Suspended Graphene

An inverted optical microscope was used to aid the positioning of the SECCM pipet over a
graphene-coated TEM grid. Different light diffraction patterns from the end of the pipet were
observed when the pipet was approaching Cu-supported graphene (Figure S7a) and suspended

graphene (Figure S7b).

Supported graphene Suspended graphene

Figure S7 Inverted optical microscope view of the light diffraction from the end of the pipet

positioned near (a) Cu-supported graphene and (b) suspended graphene.



S7 | Electrochemistry of Si/SiO,-supported Graphene

Cyclic voltammetry (CV) measurements using an SECCM setup (~400 nm pipet) were also
carried out on the graphene transferred onto Si/SiO2, which is usually the support for
electrochemistry studies of graphene.”” A typical CV for the oxidation of 1 mM FcTMA™* is
shown in Figure S8, with a potential difference between the 3/4 and 1/4—wave potentials (E3/-
Ei4) of 70 £ 2 mV obtained. This value is reasonably close to the reversible limit and similar to

that obtained for Cu-supported graphene and suspended graphene in this work (see main text) and

other studies.’

Current / pA

0 0.2 0.4 0.6
Potential vs. Ag/AgCI/ V

Figure S8 An SECCM cyclic voltammogram for the oxidation of 1 mM FcTMA™ in 25 mM KCl

on the graphene transferred onto Si/SiO», recorded at a scan rate of 0.1 V s\,
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