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Abstract: Understanding graphene surface structure in aquewadia is essential for its
biotechnological applications. Here, using synalomotX-ray reflectivity (energy 14 keV),
AFM imaging, and contact angle measurements, we lasestigated the surface structure of
CVD graphene on SiI5i in water and phosphate buffered saline (PBS)5a60°C. We
found a diffuse layer immediately adjacent to geaph with a scattering length density
(SLD) of 6.72x10° A2, attributed to the presence of air bubbles onhleap under water.
AFM imaging was indicative of interfacial inhomogasty, but did not provide conclusive
topography information on the bubble-covered grapheater interface. The diffuse layer
diminished after the graphene was submerged inrd@t&4 h at 23C. This is also evident
from its enhanced wettability, with the water camtangle on graphene decreasing from
84.910.4° to 55.6+0.4° after submergence. An aold#i layer atop graphene appeared after
soaking, with a thickness 10.1 A, and a higher SifD19.5x10° A2 at 25 °C, which
increased to 11.8 A and 21.8X872 at 60 °C in PBS, respectively. We discuss this
observation in terms of ion mobility, possible fatwn of a silanol layer on the SiO

substrate, and water structure disruption at higgraperatures.

1 Introduction

Since the first exfoliation of graphene [1, 2]h#s attracted intense interest in both scientific

research and industrial applications as a promigiDgnaterial due to its physicochemical
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properties [2, 3], including electronic properti¢4], high thermal conductivity [5],
mechanical strength [6], optical transparency §fil large surface area to volume ratio. For
instance, numerous studies have explored the Iheglkrieal conductivity and carrier mobility
of graphene at room temperature (RT) [2] for usagenergy storage devices [8, 9] and
transistors [10, 11]. With a large active surfaceaaone-atom thickness, and delocalised
electrons, graphene enables the detection of ckaingthe surrounding environment with
molecular level sensitivity [12k.g.for sensing gases [12], humidity [13], and bioncales
[14]. Potential bioanalytic applications of graphemave also attracted wide attention. For
these applications, graphene often needs to besedo or in contact with aqueous systems.
Therefore, it is important to understand the strieebf graphene in water, since the physical
properties of graphene are influenced by its stinec{.e. thickness [15, 16], lattice order [17,
18], defects [19, 20], and impurities [21]) andttbfthe underlying substrate [22].

Several investigations have been reported on tfectsf of water on graphene and its
derivatives. Using contact angle (CA) measuremahtsas been shown that the structure
(such as thickness and layer stacking) and chamgasfer between graphene and its
surrounding environment could influence the intBoacbetween water and graphene [13],
although the mechanism remains unclear. Speck¥icatl has been reported that the
hydrophobicity of graphene on a copper foil [13Ham SiC wafer [23] increased with the
number of graphene layers. Molecular dynamic sitraria showed that free-standing
graphene was hydrophobic [23, 24], due to the lyeindoond network within a water double

layer formed on the graphene surface.

Studies on the interaction between biomoleculesgrapghene and its derivatives in agueous
media have also been reported [14, 25]. A numbetedfiniques for studying interfacial
adsorption, such as atomic force microscopy (AFR®), R7], imaging total internal reflection
fluorescence correlation spectroscopy (ITIR-FCS)],[Quartz crystal microbalance with
dissipation monitoring technique (QCM-D), and dpalarization interferometry (DPI) [28],
have been applied to graphene. In addition, adsorgf biomolecules on graphene can be
monitored by changes in the electrochemical perémees of graphene, using techniques

such as cyclic voltammetry and differential pulsétammetry [29, 30].

However, these methods provide limited structunébrimation on the adsorbed molecular
layer at the buried graphene-water interface. X-RReflectivity (XRR) is a rigorous and
guantitative technique for probing structural feasuof nanofilms at buried interfaces [31-35]
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with sub-Angstrém resolution. It has been usedudysepitaxial graphene on SiC in air [36,
37] and in water [23]. Moreover, in combination kviphotoemission electron microscopy
(PEEM) and AFM imaging, XRR has been recently usedrovide detailed structural
information such as the layer thickness, coveraggphology, and composition of chemical
vapor deposited (CVD) graphene on Si/SgDbstrates, where a slight thermal expansion of

graphene has also been observed upon heatingnt50°C to 60 °C [38].

Here, we have used synchrotron XRR to investigategtaphene-water interface at different
temperatures (25-60 °C), complemented by AFM img@ind contact angle measurements at
RT. In addition, the effect of phosphate bufferadine (PBS) on the graphene surface
structure has also been probed. This was motivhied previous report that soaking
graphene in water for 24 h facilitated ligodayer formation in PBS solutions [39], instead of
monolayerswithout soaking [40]. In this work, the structwiegraphene was studied by XRR
before and after submergence in Mill®Quater for 24 h. Our results provide valuable
information on the structure of the graphene-wattarface and the interaction between the
ions and graphene in an aqueous medium. The stsolylamonstrates the feasibility of XRR
to study the adsorption of ionic and molecular sgeand their thin film structure on the
graphene surface, and such fundamental knowledderpims bioanalytic applications in

which graphene comes into contact with liquids.

2 Experimental methods

2.1 Materials

CVD graphene used in this study was purchased Goaphenea Int Graphene was grown
on a copper (Cu) foil and then covered with a sgist polymethylmethacrylate (PMMA)
layer. The Cu foil was then etched away using Feffid the graphene with PMMA
transferred onto a 1 cm x 1 cm Si wafer with a B00SiQ oxide layer. Finally, the PMMA
layer was washed off using organic solvents. Oweme XPS analysis of the graphene
samples obtained from the same supplier indicdtegbtesence of PMMA residues, whilst no
Cu (the CVD substrate) and FegCthe etchant) was detected on the samples [38], an
observation consistent with literature [21]; and XRR analysis indicated that the graphene
samples studied possessed a thickness of 13.0+13BJAUltrapure Milli-Q® water with
resistivity of 18.2 M2 cm and a total organic content (ToC) of 3-4 ppB®&fC and 0.01 M

! https://eu.graphenea.com/



PBS (0.0027 M KCI and 0.137 M NaCl, pH = 7.4, at°25 Sigma-Aldrich®) were used for

solution preparation.

2.2 Experimental methods

The AFM measurements were conducted by PeakFoeckéek control (Bruker, CA, USA)
in air and aqueous systems using a MultiMode Vlicnescope with a NanoScope V
controller. The cantilever employed was SCANASYSIUMD+ with nominal spring
constant of 0.7 N thand a tip radius of 2 nm. The static contact angéasurements were
performed using the Sessile drop method on a KRUSS®&100 instrument. Synchrotron
XRR measurements were performed at beamline BM2&IMEuropean Synchrotron
Radiation Facility (ESRF), Grenoble, France. A ouostesigned liquid cell shown
schematically in Figure 1 [32, 38, 41] was useddBR experiments, with graphene samples
mounted on the sample stage. The cell was sealevdypolyester (Mylar®) windows,

providing a total liquid capacity of 5 ml.

APD detector

Synchrotron
radiation

Figure 1. Schematic of the XRR experiment setuh a&it incident synchrotron X-ray beam
reflected from the sample with an incident angléo the avalanche photodiode detector
(APD) that collects the specular reflection. Thenmatum transfer is defined &3 =
a1sin(242)/4, wherel is the wavelength of the X-ray beam. The sampl& om x 1 cm in
size is clamped onto a stainless-steel stage (d)anstomised liquid cell (A) with a nozzle
(a) that allows in situ liquid/gas exchange. Terapge control can be provided by two
heating jackets (B), which can be connected totemarculating batlvia an inlet (c) and an
outlet (b).

To investigate the influence of submerging grapheneater on its surface structure, XRR
curves were collected on graphene within 10 mieraift was exposed to Milli-Q water,
which was the time required for sample alignmete §raphene then remained submerged
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under water for a further 23-24 h before XRR measignts were made again. Subsequently,
water was replaced by PBS, and the XRR curves watected at 25 °C, 40 °C and 60 °C,
after which the samples were cooled back to 25°Cotmpare with the initial stage. As a
control, bare graphene that had not been submengedter was also measured in PBS at
RT. Each heating and cooling step took ~10 min-&2@ min, respectively, with a furhter10

min allowed for thermal equilibrium before the ma@sment was made.

The X-ray beam energy was 14 keV (with a correspanaavelengthi = 0.8856 A), and the
beam size as defined by aperture slits was ifqvertical FWHM) x ~255um (horizontal
FWHM). A consideration for XRR measurements in agiseemedia is the absorption of X-
rays by water. The liquid thickness in the custasighed XRR celldf. Figure 1) was 1 cm,
permitting ~20% transmission at 14 keV X-ray energghich is sufficient for XRR
measurements [41]. Specular XRR scans were cdllegith the incident anglé; varying
from 0.06-3.0° and the reflection andle= 6, corresponding to a momentum of transder
47sin(20/2)/A range of 0.015-0.74 A where & = 6, + 6. The specular reflection was
detected at each angle using an avalanche photdet@ctor (APD), as shown in Figure 1.
XRR data fitting was performed by usindotofit in Igor Pro (WaveMetrics, Inc., Lake
Oswego, OR, USA), using the Abeles matrix methotictv generates the same result as
Parratt’s recursive method [42]. A genetic alganthptimisation is adopted in this software

to minimize the/?value, which shows the goodness of fitting,

L 2
Z 1
2 — .
X = ’ m (yO,n — yn) , Equat'on 1
n=

wherelL is the number of collected data poirfessthe number of variables which are varied
during fitting, e.g.the number of layers), the scattering length density (SLR, definition
and calculation in Supporting Information sectidrly the thicknessty), and the interfacial
roughnessRa); Yo the measured value; anydthe corresponding theoretically fitted value
yielded from the used parameters. Reflectivity esrwith mild fringes i(e. reflectivity R
variations w.r.tQ) were plotted aRQ* vs Q instead of log vs Q, as shown in

Figure 2b and Figure 5a, to show more clearly thes&ig fringes [43]. In total, 12 XRR

measurements on 3 graphene samples were studizdeparate synchrotron experiments,
and the results shown below are representativehedget measurements. The XRR curves

collected from different graphene samples wereodyeible.



3 Results and discussion

3.1 XRR of the graphene-water interface

XRR data fitting used a Slab Model, wjih t,, andR, nthe SLD, thickness, and roughness of
then™ slab/layerasdefined in

Figure 2a. This yielded fitg{ <0.0012) for the reflectivity curves of the grapeesamples in
different conditions. Figure 2b shows example XRiRves for bare graphene in air (circles)
and water (triangles), and the soaked grapheneaitarvwsquares), with the fitted reflectivity
curves shown as continuous lines. The XRR intenssggillations (Kiessig fringes [44])
damped i(e. became less pronounced) in water compared touaita reduced SLD contrast
with graphene.
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Figure 2. a) Physical model used to fit the XRRvesrof graphene in water. b) The
experimental (open symbols) and fitted (solid Jn¥&R curves plotted as@® vs. Q for
graphene in air (circles), in water (triangles)d &4 h-water soaked graphene (squares). The
fitting parameters are listed in Table S2 in Sl€))The fitted SLDp, of the graphene sample

in air (dash line) and in water (solid line), pémtt againstz, the distance form the SjO
surface, with the SLD variations highlighted in feient coloured regions across the
interfaces of the graphene sample in air and irew&ach coloured region, with the width
representingt,, represents a modelled layer as defined in a). ddrgaminant layer on
graphene (represented @s) in air [38] is highlighted in pink, and a diffuseyer is present

on the graphene in water.

From the fitted SLD profile of graphene in air shroin

Figure 2c, the interfacial structure of the sangaasisted of a graphene layer (represented as
Gr in

Figure 2a) with a contaminant layer comprising gexpe multilayers and PMMA residues
atop. The latter layer exhibited a thicknéss 11.8+1.2 A and an SLPp. = 9.80x1¢ A*
[38]. After the injection of water or PBS in the RRIliquid cell ¢f. Figure 1), the
contaminant layer on the graphene sample seemextaatable, substituted by a diffuse layer
at the interface with an SLD profile which gradyaithcreased fronpg = ~6.7x10° A to
pwater= 9.44x10 A of the bulk water. The SLD of this diffuse layeasvsmaller than that of
graphene/; = 18.20x10 A?) or PMMA (ppwma = 10.81x1FA), and was between that of
air (pair = 0A™) and water, whilst the high roughneRsq (>30 A) value indicates a highly
heterogenous interfacial structure (fitted valubsven in Table 1). We suggest that this
reduced SLD of the interfacial layer could be htited to the formation of flattened air
bubbles of nonuniform coverage on the graphenaseyfas shown schematically in

Figure 2a. The mixed SLD{;x) of a binary mixture could be calculated as
Prix= 90, + (L-9)p,, Equation 2

where ¢ is the volume fraction of one component amds the SLD of constituent,
respectively; the volume fraction of air in thigfdse layergair, can be then calculated, which
is ~30 % as shown in Table 1 and the calculatiothatkof ¢; is described in detail in Sl-

1.3. Such an SLD reduction has been previouslyrabdeon a rough polystyrene surface



[45]. Further AFM imaging suggested that this di#uayer was a consequence of both the

contaminant and the air bubbles present on thasIf#6].

Table 1. Fitting parameters for the XRR data cedlddrom graphene in air, in water, in PBS,
and 24 h water-soaked graphene in water at 25 °C.

Layers in the Slab

Sample tn (A) pn(10°A?) Ran(B) dar (%) 2°(10°)
Model
. Contaminants 10.8 11.87 2.4
Graphene in
' Graphene 14.4 14.13 0.4 100 1.11
air at 25C _
SIO, 3000 19.01 2.4
Graphene in Diffuse layer 84.9 6.72 31.9
water at Graphene 16.5 14.93 0.7 36.7 0.47
25C SIO, 3000 18.91 3.4
Graphene in Diffuse layer 118.3 6.75 49.3
PBS at 25 Graphene 154 19.71 45 309 0.71
°C SIO, 3000 18.91 3.5
Soaked lon adsorbed layer  10.1 19.45 1.0
graphene in Graphene 5.0 14.91 2.3 0.19
water at silanol 78.9 21.32 4.6 '
25C SIO, 3000 18.96 69.7

3.2 AFM imaging at the graphene-water interface

AFM topological images (Figure 3a) have also besdlected to reveal the morphology of the
graphene-water interface and were processed usmflanoScope Analysisoftware. We
have previously studied the—TFhe topological imagkshe graphene sample in air, which
indicated that the surface was comprised of the, Sibstrate, graphene, and the defects
(highlighted in white rectangles in Figure 3a) tl@insisted of PMMA and multilayer
graphene flakes [38]. However, it was a lot moralleimging to obtain good quality,
reproducible images under water, which is probadgribable to a more complicated
structure with inhomogeneous coverage. In additiba,presence of soft air bubbles could
make it difficult for the AFM scanning tip to engagvith surface. As a result, the AFM
images of the graphene-water interface did notigdeoeonclusive supporting evidence for

the presence of the bubbles.



For the example under-water image shown in FigwetBe maximum difference in the

height,Ahmay increased by ~11 A compared to air (

Table 2). Meanwhile, the graphene roughness giyeth® height deviatiofR,,e and height
root-mean squarBsq also increased, consistent with a more inhomogenederface caused
by the formation of air bubbles (high resolutionMEopological images in Figure S3a in Sl-
2).

Table 2. The maximum difference in the relativeghgiAhnax the root-mean square average,
Rsg and the arithmetic average values of height dievis, Rae Of the surface height

deviations in the AFM topological images of graphé@mair and in water following the plane

fitting.
Ahmax (A) Rsq(A) Rave(A)
In air 124 6.61 4.68
In water 135 10.8 8.37
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Figure 3. a) Example AFM topological images of drape and its defects (indicated by the
rectangles) in air, and a possible bubble (indatdtg an oval) in waterona 1 pm x 1 um
scale; and b) the corresponding histograms of he&igitributions on the sample surface with

the Gaussian peak fittings for the measuremeruas ifeft) and in water (right).



It can be observed from the Gaussian peak fittisiggwn in Figure 3b that the height
distribution on the solid-water interface (with FWHvalues of peaks andd 11.5 A and
10.6 A, respectively) was broader than that atainavater interface (with peaks andb
possessing FWHM values 8.4 A and 7.5 A, respegfiveuggesting the existence of more
inhomogeneous structures on the graphene-watefaotecompared to air. Particularly, as
indicated by an oval in Figure 3a, a bubble-likeaanf size ~189 nm (length) x 88 nm
(width) x 10 nm (height) was detected. The air bebdayer from XRR fitting ¢f. Table 1)
has a smaller thicknest € 84.9 A) but a higher roughnefR., = 31.9 A). One possible
reason for the differences is that the XRR measanesthus gives the average value of a
surface layer over a much larger footprint (~200 xh cm), whilst AFM measures a much
smaller sample area (~ a few f)rand thus reflects a much more localized struciB@g It
should be borne in mind that a more complex strectould be present on graphene,
including residual PMMA contaminarts—and, graphaneltilayers, and the potential
contaminants accidentally introduced during the eexpents [47], which could not be
distinguished by topological images only. AlthouM imaging did not provide conclusive
topography information on graphene under watemdicated that the interfacial structure
was different from that in air. It was also qudlitaly consistent with the XRR results which
were indicative of an inhomogeneous interface. Heureffort with AFM imaging remains a

focus of our future work.

3.3 Effect of submerging CVD graphene on Si/SiQunder water

The sessile drop water contact angles (CAs) offgrap before and after soaking graphene in
water for 24 h are shown in Figure 4b. For the sdajfraphene samples, the water residues
were removed by two methods: drying naturally angsn Ar flow to dry the surface gently.
A noticeable reduction of graphene water CA waspoled with both methods. The results
(described in detail in SI-3) showed that the w&tAron graphene decreased from 84.9+0.4°
to 55.6+0.4° after it had been submerged undernfate24 h, indicating that the graphene
sample became more hydrophilic. It has been shbanhprolonged exposure to water could
lead to graphene detachment from the substrate fsf}ever, our XRR analysis (see below)
shows unequivocally the presence of graphene aftder soaking in our case. Whether
graphene is hydrophobic or hydrophilic is still swat controversial in the literature.
Graphene was once believed to have similar weitialbd graphite (water CA = ~80-100°),
while some CA measurements suggested it was hydbiphand even superhydrophobic

[48]. More recent studies showed that the inteoactbetween water and graphene was
10



affected by the graphene surface structure antecefzgarameters, such as the graphene layer
thickness [23, 49], the presence of defects [23, aftl adsorbates [24, 48], underlying
substrates [50], and the doping of graphene [5@lhBhe surface energy and the topological
features should contribute to the observed wettglnf such a heterogeneous material. Thus,
it is possible that graphene hydrophobicity refieits various surface roughness and related

chemical inhomogeneities due to different fabrmatnethods [48, 49].

It has been reported that trapped air bubbles cdoich at the solid-liquid interface
particularly when nanotextures or multi-scale rauggs were present at the interface,
resulting in the Cassie—Baxter wetting state, whiebuld then lower the solid-liquid
adhesion and manifest in apparent higher hydropitgli52, 53]. If water permeates the
surface textures, transforming the wettability frdma Cassie-Baxter state to the Wenzel state
[54], the hydrophobicity of the material would degse, consistent with our observation of
the decreased CA after 24 h water submergencedditi@n, the SLD profile in Figure 4a
indicates that no diffuse air-bubble layer was @né®n top of graphene after water-soaking,
and that water had fully spread on the surfaceshmsvn schematically in Figure 4c. The
fitted graphene thicknesgwaten= 5.0 A withpgy= 14.91x10¢ A, decreased appreciably after
soaking, compared with the graphene thicknggs) = 14.4 A detected in air. In the
meantime, an additional layer appeared, with adri@lLDp, = 19.5x1¢ A2 and thickness
ta=10.1 A. The total thickneStgya = tywater) + ta = 15.1 A is very similar tdgain, and we
attributed this observation to the adsorption ofsiavithin the defect structures on graphene,

which will be discussed below in section 3.4.
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Figure 4. a) Fitted XRR SLD profiles in water oéthn-soaked graphene (red solid line) and
soaked graphene (blue dashed line), with the cetbtegions representing different layers in
the Slab Model used to fit the data. b) The watér€£84.9° of a bare graphene sample
reduced to CA = 55.6° after soaking in Milli-Q &4 h. The diminishing of the air bubble
layer, the hydration of the SjGubstrate, and the formation of the ion adsorbgdrlupon

soaking are schematically illustrated in (c).

Furthermore, the SLD of the underlying substratedased fromps = 18.91x106 A before
water soaking, a value matching the theoretical SH[BiO;, to ps = 21.32x10 A? after
soaking ¢f.
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Table 2). We attributed this to the formation ofC8il)x by the rehydration of the amorphous
silica, as the SLD of silanol is = 28.72x1¢. Water molecules can permeate through
graphene lattices and interact with silica substf&b], leading to a higher electron density
due to the formation of hydroxyl groups on the acef The silica substrate is normally stable
in water, and the formation of silanol layer is gonsidered in most of the cases, because of
the low diffusion velocity of water molecules (orfiyA per 1000 min at 25 °C) in bulk silica.
However, molecular diffusion can be acceleratednayeasing temperature [56]. We thus
postulate that the prolonged submergence of thelsam water and subsequent increased
temperature during XRR measurements led to the gbom of detectable silanol groups,

which could also contribute to the enhanced wdttglobserved after water soaking.

The fitted thickness of the silanol layettis ~75 A, a value much higher than the theoretical
one (8.64 A after soaking in water for 24 h [56i)d theps profile also decreased gradually
towards the bulk silica. Meanwhile, the fitted rbugss of the silica substrate is also high
Rasiica = ~65 A. It is possible for water to penetrate tvaorphous silica, leading to a
relatively thick and rough interfacial layer. Thbservation of this silanol layer underneath
graphene has important implications, as the aculitgilanol could lead to high affinity for
ions and biomolecules [57]. It has also been relottiat the presence of silanol on the ;SiO
substrate underlying graphene could change thdrielgooperties of graphene, due to the
electric dipoles possessed by the adsorbed wa8r This could enhance the doping of

graphene to water, thus enhancing its wettability.
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3.4 Effect of temperature and PBS on CVD graphene on 8iO;
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Figure 5. a) The experimental (open circles) ariddi (solid lines) XRR curves (offset
vertically for clarity) of water-soaked grapheneRBS at different temperatures, with the
fitting parameterst(, p, and R, ) tabulated in Table S2. The fits show that thepheme
thicknessty remained at ~4.2 A at all temperatures; whileSitd was relatively constant at
pg ~15x10° A at lower temperatures, it increaseggo= 17.6x1F A at 60 °C. Similarly,
the SLD and thickness of the ion adsorbed lgyeandt, increased at 60 °C, and the
increment remained after cooling back to RT as showb). The SLD profiles of graphene
samples at 25 °C and 60 °C are shown in (c) andrédpectively, which show that the
thickness of the silanol layer also increased &t@0with the interface between graphene and

the ion adsorbed layer becoming smoother.

Figure 5a shows XRR curves of water-soaked grapheR8S, at 28C, 40 °C, 60 °C, and
then cooled back down to 25 °C. The change in tlesd{g fringes is noticeable upon heating
and cooling, and the XRR profiles are also difféfesm those in pure watecf
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Figure 2c). The fitting parameters and SLD profii@sthese XRR curves are given in Table
S2 and Figure S2, respectively, in SI-1. The thédst, and SLDp, of the ion adsorbed layer
atop graphene (as illustrated in Figure 4c in sac8.3) increased after water was replaced
with PBS at RT. In addition, as listed in Tablete fitted SLD valugg = 19.17x16 A of
un-soaked graphene is also higher in PBS thanriteit (pg= 14.93x10 A®). This again is
consistent with the assumption of ion adsorption gsaphene. It has been shown by
molecular dynamics simulations that graphene caildact, due toz-conjunction and
polarizability, both cations [59-61] and anions [63], such as Nap = 86.75x10 A?) and

K* (»p = 55.06x1F A) in PBS to the graphene-water interface. Furtheemite fitted SLD
profiles to the XRR curves of the soaked graphenEBS at 25 °C (Figure 5c) and 8D
(Figure 5d) also show that ion adsorption was pteshapon heating. The thickness and
SLD of the ion adsorbed layer increasedtdc= 11.8 A, andps = 21.8x10° A2, with
respective incrementp, = 0.7 x10° A andAt, = 1.5 A compared with 25 °C), whilst the
graphene thickneds= 4.2 A ¢f. the theoretical thickness of a monolayer graplur@35 A)
remained constant, with the fitted SLD in PBS= ~15x10° A also comparable to thiat

air.

The interfacial roughnesR, 4 between graphene and the ion adsorbed layer dechest
higher temperatures (Figure 5b), which could betdu&e ions residing in the defects and on
the contaminants of the graphene surface and negltice apparent roughness. The thickness
ts of the silanol layer also increased upon heatiRigufe 5d), thereby promoting ion
adsorption to the substrate [57]. The effect of gerature on the ion adsorption can be
triggered by the enhanced mobility of ions at highemperatures [64]. In addition, the
structure of graphene itself can also play an ingmbrrole in response to the temperature-
dependent ion adsorption. A simulation study haented that water could form an ice-like
double layer structure on free standing grapheregmting the interaction between graphene
and the bulk solution [24]. This interfacial watgructure was found disrupted at 340 K
(67 °C), which is close to where we observed enbamen adsorption.

4 Summary and concluding remarks

In this study, we have applied synchrotron XRR harecterise the surface structure of
graphene in water and PBS. The surface structugeaphene submerged under water for 24
h was also studied. AFM imaging provided inconalagopological morphology of graphene

under water, due to the intrinsic experimentaliclifities associated with the technique while
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imaging a soft, bubble-covered surface. The surfaoghness data however was consistent
with a much more inhomogeneous graphene-wateffagcgicompared to air. Fitting the SLD
to the XRR curves on graphene indicated the presehan air bubble layep{ = 6.72x10°
A? ty=84.9 A, andR.4= 31.9 A) on top of graphene when firstly immersingn water.
AFM imaging also revealed the presence of isolatdables €.g ~189 nm (length) x 88 nm
(width) x 10 nm (height)) on graphene. These bubbfea few nm in height with a flattened
morphology diminished after the graphene sample wasmerged under water for a
prolonged period. Concurrently, the water contasgl@ on graphene decreased from
84.91+0.4° (before soaking) to 55.6+0.4° (after $ogk indicating a decrease in its
hydrophobicity. This alone is not the sufficientidance for the diminishment of the air
bubble layer, but is consistent with the XRR analykat indicates such a diminishment.
XRR results also suggested that, after water sgaland the formation of a silanol layer
formed on the SiglSi substrate, which could also alter the elecproperties of the
graphene/silica sample [58] and contribute to theeoved reduction in the water contact
angle. Furthermore, ion adsorption was inferrednfithe increased SLD of the layer atop
graphene observed on water-soaked graphene in Wl#Sthe fitted interfacial structure
consisting of an additional ion adsorbed layer. Tdreadsorption was enhanced by heating
the solution to 60 °C, which was retained afterliogo We attributed this change to the
higher ion mobility, the higher ion affinity of tHermed silanol layer on the substrate, and
the disruption of the ordered water structure ghltemperatures as reported previously [24].
These unprecedented results are relevant to bigianahd nanotechnological applications of
graphene in which its structure at the interfacevben water and electrolyte solutions is an
important consideration to the efficacy and funaaility of the devices or the processes. The
capability of XRR to detect the air bubbles existtbe hydrophobic interfaces can be also
utilized on examining the wettability of a surfas@h sub-micro precision, compared with
CA measurements that only provide the bulk wettihgwvill be useful and interesting to
further investigate, using the XRR method reportede, graphene samples without the
PMMA-residues, to ascertain their effect on thespnee of the air bubble layer, the diffuse

layer, and ion adsorption. This remains a focususffuture studies.
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