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ABSTRACT: We report continuous monitoring of
heterogeneously distributed oxygenated functionalities on
the entire surface of the individual graphene oxide flake
during the chemical reduction process. The charge
densities over the surface with mixed oxidized and
graphitic domains were observed for the same flake after
a step-by-step chemical reduction process using electro-
static force microscopy. Quantitative analysis revealed
heavily oxidized nanoscale domains (50—100 nm across)
on the graphene oxide surface and a complex reduction
mechanism involving leaching of sharp oxidized asperities
from the surface followed by gradual thinning and
formation of uniformly mixed oxidized and graphitic
domains across the entire flake.

he properties of graphene materials rely on the surface

functionalities and structural integrity of the sp*-carbon
lattice, which can be significantly impacted by defects in the
structure in the course of physical and chemical treatment.
Tuning the properties of graphene is important for fabrication of
“graphene papers”, electronic devices, and graphene nano-
composites.' " High-yield production of graphene is achieved
via reduction of graphene oxide, which can be viewed as graphitic
sheets with surface functionalities, such as epoxide and hydroxyl
species.”® The surface of graphene oxide flakes is suggested to be
composed of random oxidized and graphitic domains.”®
Thermal or chemical reduction of graphene oxide results in
partial removal of oxidized defects and dramatic increases in the
electrical conductivity by 4—5 orders of magnitude to 1-10 S/m
(although still well below that of the ideal graphenes because of a
defective microstructure) that can be explored in design of
conductive and flexible graphene-based materials.”*"

The average composition and chemical structure of graphene
oxide materials can be verified using spectroscopic techniques
such as FTIR, Raman, and X-ray photoelectron spectroscopy
(XPS). Local defects under high vacuum are observed with
Transmission Electron Microscopy (TEM) and Scanning
Tunneling Microscopy (STM).>"? Scanning probe microscopy
(SPM) has been employed to study the localized distribution of
defects. Among others, Kelvin probe force microscopy (KPFM)
has been utilized to observe the spatial distribution of the
electrical potential.'>'* Friction Force Microscopy (FFM)
identified domains on graphene differing in local friction
characteristics due to the ripple distortions.">'® Electrostatic
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Force Microscopy (EFM) has been used for mapping the charge
distribution, and surface potential of graphene-based materi-
als."”'® Particularly, EEM studies probed the surface potential
and charge distribution in graphene films."” Yet, consistent
probing of the distribution of oxygenated defect sites on the
chemically heterogeneous graphene oxide surface in the course
of chemical reduction has not been demonstrated to date.

In this work, we report direct monitoring of the surface charge
distribution of the same individual graphene oxide flake in the
course of its stepwise chemical reduction using EFM technique.
This EFM monitoring revealed that the oxidized nanoscale
domains are reduced by leaching out the oxidized sites
accompanied by pronounced thinning of the graphene oxide
flakes and mixed defective/graphitic surface composition of
conductive flakes.

Graphene oxide flakes were characterized on silicon wafers
with Raman, XPS, AFM, and EFM (Figure 1). The XPS shows all
the expected peaks corresponding to the silicon oxide substrate
and graphene oxide (Figure 1). The C 1s spectra can be
deconvoluted into three peaks corresponding to the sp* domains
(C=C with a binding energy of 284.6 ¢V) and the oxidized sp*
domains (C—O with binding energy of 286.6 eV and O=C—
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Figure 1. Graphene oxide characterization: (a) C 1s XPS spectra of
graphene oxide before and after (inset, 240 s) reduction, (b) the Raman
spectra before (GO) and after (rGO) reduction (inset: Raman map of
G-band intensity of individual GO flakes), (c) AFM topography, (d)
EFM-phase image at tip bias of +5 V and 50 nm lift height, and (e) high
resolution EFM-phase image at tip bias of +5 V and 20 nm lift height.
Box in (c) and (d) corresponds to the area (e).
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OH with binding energy of 288.2 eV) (Figure 1a).”® The ratio of
areas under the peaks suggests that 69 + 5% of the graphene
oxide surface is oxidized with a C/O ratio of 2.1:1. The Raman
map obtained by recording the intensity of the G-band between
1500 and 1650 cm™" confirms presence of defects but could not
resolve the spatial chemical distribution because of diffraction-
limited resolution (Figure 1b, Table SI1). A uniform intensity
distribution of the G- and D-band was observed over the surface
of all flakes, suggesting the dominant presence of monolayer
oxidized flakes. Such a highly defective microstructure is very
different from idealized graphene monolayers, which show sharp
Raman bands as discussed by Ruoff et al.”!

AFM topography images further confirm the presence of
mostly monolayer graphene oxide flakes several micrometers
across with a thickness of 0.87 + 0.09 nm and an RMS roughness
of 0.18 nm (500 nm X 500 nm surface areas) similar to that of the
supporting silicon oxide surface (0.17 nm) (Figure 1c).>* Raman
spectra of reduced graphene oxide flakes show only modest
changes in peak appearance with a slightly reduced peak width
and decrease in the D/G ratio (Figure 1b, Table S1). This result
indicates a decrease in defect level and mixed domain distribution
but is far from ideal graphene monolayers.”' Indeed, XPS shows a
dramatic reduction of oxidized bond content (Figure 1la)
followed by the formation of C—N bonds at an extended
reduction time (Figure S2b), confirming an effective reduction
process.w’zo’21

EFM imaging performed under ambient conditions also
showed surface uniformity over the graphene oxide flake which
can be attributed to water layers commonly present during
ambient AFM scanning, thereby screening the surface chemical
heterogeneities.23’7'4 However, removing a thin water surface
layer by performing the measurements under reduced humidity
conditions (RH. <2%) clearly showed nonuniform EFM
characteristics on the surface of graphene oxide (Figure 1d, e).
It is worth noting that ambient contaminants are inevitably
present during EFM scanning even under reduced humidity
conditions (dry nitrogen atmosphere) but the presence of these
mobile dielectric molecules (usually hydrocarbons from air)
would not significantly affect the surface distribution of oxidized
groups as indirectly confirmed by unchanged surface wettability
(Supporting Information (SI)).

Statistical analysis of the EFM-phase images (Figures 1, 2)
revealed that the darker (lower phase shift) domains covered 60
+ 15% of the surface, which is close to the average surface
coverage of functional groups estimated from the contact angle
and XPS measurements (Figure 1 and SI). Moreover, high
resolution EFM-phase images (pixel size below 1 nm) were
collected at RH 2% and low lift height (for maximum sensitivity)
which showed a high contrast in phase shift over the flake surface
(Figure le). It is worth noting that the z-scale for all EFM-phase
images is set to visually see the difference in contrast within the
graphene oxide flake and between the graphene oxide flake and
SiO, surface. Moreover, the high resolution image (Figure le)
shows a greater contrast as compared to the low magnification
image (Figure 1d) because a 20 nm lift height was used to capture
the intricacies in the EFM-phase at high magnification.

As known, the changes in the phase and amplitude of an
oscillating biased tip in EFM imaging are related to the changes in
the electrostatic force gradient (0F/0z) with the shift in the phase
(Ag) expressed as™
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Figure 2. Topography and EFM-phase images obtained at a tip bias of
+5 V and S0 nm lift height, for the same graphene oxide flake
(contoured) during different chemical reaction time periods.

where C is the tip—sample capacitance, z is the tip—sample
separation, Vy, is the voltage applied to the cantilever with
respect to the grounded substrate, and @(x,y) is the potential
distribution along the surface. If a constant bias is applied to the
tip and the tip—sample distance is also maintained as constant,
then the measured electrostatic force variations correspond to
the changes in surface potential distribution and the specific
surface potential can be derived from electrostatic force
spectroscopy measurements as demonstrated in the SI. Several
groups have considered the electrostatic force interaction
between the tip and different graphene-based materials.'**%**
For instance, Salmeron et al. studied the EFM response of glass,
mica, silicon, and graphite and observed that the phase shift vs tip
bias followed changes in the dielectric constant of these
materials.”®

As known for graphene oxide, the surface chemical
functionalities (hydroxyl, epoxy, and carboxyl) having an oxygen
with a lone pair of electrons should have a lower surface
potential.>” Thus, at a positive tip bias, Vigp — @(x,y) is greater in
the negatively charged oxidized areas and should result in a
greater phase lag (darker areas) in the corresponding EFM-phase
image. The situation is reversed on switching the tip polarity as
was verified by collecting EFM-phase images of graphene oxides
at the opposite tip bias (SI).” In contrast, the EFM-phase images
of the chemically reduced graphene oxide flakes showed a
uniform surface distribution of the EFM-phase shift with no
reversal in the contrast at opposite tip polarities, thus, confirming
the dramatic reduction of the heterogeneity of the surface
composition (Figure 2).

By using this high resolution EFM-phase mapping, we
monitored the stepwise chemical reduction process of graphene
oxide flakes by directly monitoring the EFM-phase shift
distribution at various stages of the vapor-induced chemical
reaction process (Figure 2, SI). Chemical reduction is known to
be caused by the surface chemical reaction with removal of
oxidized surface functionalities induced by exposure to hydrazine
vapor and partial restoration of sp> character.” It is important to
note that, in contrast to all previous studies, EFM-phase imaging
monitored the changes in the charge distribution for the same
flake upon chemical reduction for different periods of time
(quasi in situ protocol).

dx.doi.org/10.1021/ja5005416 | J. Am. Chem. Soc. 2014, 136, 6546—6549



Journal of the American Chemical Society

Communication

The most striking result is that although no significant changes
in the topography were observed, the EFM-phase images clearly
showed a dramatic transformation of the graphene oxide surface
charges during the chemical reduction reaction (Figure 2). As
soon as the flake was exposed to hydrazine vapor, the surface
heterogeneity of the EFM-phase image showed an apparent
change. As the chemical reaction progressed beyond the initial
stage, the variations in the EFM phase decreased further and after
long exposure (60—300 s) the surface of the graphene oxide flake
showed a very uniform phase shift across the entire flake with no
reversal of phase contrast with the change in the tip polarity
(Figure 2, SI). It is worth noting that the phase difference
between the flake and the substrate grows significantly with
reduction time. Thus, we shifted the phase scale (keeping the
same phase window) to mediate the image contrast which
resulted in a change in the SiO, appearance (see additional
images in Figure S6).

In order to analyze these transformations further, detailed
quantitative analysis of the AFM and EFM images were
conducted to obtain the graphene oxide flake thickness, RMS
topographical microroughness, and RMS phase microrough-
nesses of flakes and silicon oxide surfaces calculated from the
corresponding histograms (Figure 3 and SI). These measure-
ments allowed evaluation of the changes in surface morphology
and chemical functionalities caused by chemical reaction on the
oxidized surface areas. First, in contrast to inconclusive results
found in literature because of scattered data from bulk material
analysis, we can conclude that the chemical reaction causes the
gradual decrease in the flake thickness from 0.87 to 0.68 nm
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Figure 3. (a) Thickness of the graphene oxide sheet and EFM-phase
shift between flake and silicon oxide at different reduction times. (b)
RMS microroughness and phase shift over the graphene oxide and
surrounding silicon oxide surface at different chemical reduction times.
All values were calculated over a 500 nm X 500 nm surface region from
the high-resolution AFM and EFM images.
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(beyond the standard deviation) (Figure 3a). Such thinning
reflects the partial removal of bulky oxygen-containing surface
sites. Moreover, the microroughness of graphene oxide flakes
remains virtually unchanged, around 0.18 nm, and identical to
that for the bare silicon oxide surface (Figure 3b).

Second, the phase contrast between the graphene oxide flake
and silicon oxide surface remains low and constant at the initial
stage (0.2° phase shift) but increases 10-fold during the course of
the chemical reaction indicating a dramatic reduction in the
surface potential of the graphene oxide surface due to the
elimination of oxidized sites and formation of conductive
domains (Figure 3, eq 1). It is worth noting, that for bulk
materials, the z-potential for reduced graphene oxide decreases
t0 0.002—0.007 C/m” from that of 0.04—0.12 C/m” for graphene
oxide.*® Importantly, the surface characteristics of the surround-
ing silicon oxide surface remain constant confirming that the
chemical reaction does not affect the supporting substrate
(Figure 3b). Finally, the most important reflection of the
increasing surface uniformity is the gradual decrease in the RMS
phase of the graphene oxide surface by almost 3-fold, from 0.17°
to 0.07° (Figure 3b). Such a continuous decrease reflects the
dramatic reduction of the surface potential heterogeneity of the
graphene oxide surface to values common for relatively uniform
silicon oxide surface layers.””

By analyzing the corresponding changes in the surface
characteristics discussed above, we can suggest a general picture
of the chemical reduction as caused by the vapor chemical
reduction process of graphene oxide surfaces. First, we suggest
that the initial stage of the chemical reaction (~30% of total
reaction time) results in a very modest variation of the flake
thickness and microroughness due to the selective chemical
reduction of the “weakest” surface chemical sites of], for instance,
defective chemical bonds and those located at sharp asperities,
which can be easily attacked by hydrazine. At a later stage of the
chemical reduction, the hydrazine slowly diffuses into surface
domains with a high concentration of oxidized sites and
underneath the graphene oxide flakes and reduces the oxy-
genated functionalities across the whole flake surface by leaching
out oxygenated components and forming C—N bonds at later
stages (Figure S2b). The effective thickness of the flakes reduces
to 0.67 nm which is close to the theoretical values obtained for
reduced graphene materials with a low concentration of defects
(2—5%), in contrast to pristine graphene materials.>" As a result
of this reaction, the overall charge density reduces dramatically
and the flake conductivity increases manifold.

In order to quantify the surface charge distribution from EFM
images and its variation in the course of the chemical reaction,
associated with the surface potential, the tip—graphene oxide
surface can be idealistically approximated as a parallel plate
capacitor with the adsorbed ultrathin water film as the dielectric
layer. Thus, the surface potential corresponds to the potential
across the capacitor system, and the surface charge density on the
plates can be calculated using®

4 _ &elxy)
A d )

where g/A is the surface charge density, €, is the relative
permittivity of the medium between the plates (water, €, = 80),
@(x,y) is the surface potential, and d is the separation which is
taken as the thickness of the water layer (d =~ 0.3 nm).

From this relationship, the localized charge densities in the
brightest and darkest areas in the EFM phase image of the
graphene oxide surface were calculated to be 0.06 and 1.0 C/ m?,
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respectively. The mapping of the local variation of chemical
composition can be restored from pixel-by-pixel EFM spectros-
copy which allows quantification of the local chemical
composition distribution (see SI). With the assumption that
the oxygenated groups contain 1 oxygen atom and the benzene
ring in the graphene lattice contains effectively 2 carbon atoms
(each carbon is shared by 3 neighboring rings), the C/O ratio
within the heavily oxygenated domains was estimated to be 2.4:1
based on the estimated surface charge values. The values of C/O
were found to be close to the values obtained from XPS (Figure
1a). On the other hand, the least oxygenated domains should
contain 1 oxygen atom per 40 carbon atoms (only 5% of benzene
rings with defects) after complete transformation.

At the final stages of the chemical reduction, much thinner
graphene flakes with the majority of the oxygenated sites
removed showed a very uniform surface potential distribution
that corresponds to mixed defective and graphitic regions with
higher electrical conductivity (up to 10 S/m according to
literature)”*" (Figure 2). Moreover, the EFM-phase contrast
between the reduced graphene flake and surrounding silicon
substrate increases dramatically, by an order of magnitude, to
2.1°, as compared to the initial difference before the chemical
reaction (~0.20°) (Figure 3). We suggest that such a high
contrast could be due to the very different properties of
conductive graphene flake with high surface charge mobility,
supported on a dielectric silicon oxide layer and a semi-
conducting silicon substrate with low charge mobility. The
unchanged topographical nonuniformities (microroughness
values) during chemical reduction can be related to the
characteristic conformal nature of flexible graphene flakes as
determined by the supporting silicon oxide that limits the ability
to monitor small changes (Figure 3b).

In conclusion, we demonstrated the applicability of EFM
mapping for directly monitoring the chemical transformation of
graphene oxide sheets from a highly heterogeneous state with a
random distribution of aggregated oxygenated surface function-
alities and graphitic domains 50—100 nm across to a uniform
mixture of fine domains. Such a transformation resulted in the
overall conductivity of reduced graphene sheets in the course of
the chemical reduction process. It is critical that such high
resolution spatial imaging can be obtained in a nondestructive
way for individual flakes with no special preparation of the
supporting substrate, potentially in situ and directly on an
electronic device, which makes the approach elaborated here
extremely important for designing graphene-based flexible
electronic materials and electronic devices.
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