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ABSTRACT Here we report an electrochemical method to simul- =) ®
taneously reduce and delaminate graphene oxide (G-0) thin films
deposited on metal (Al and Au) substrates. During the electrochemical
reaction, interface charge transfer between the G-0 thin film and the
electrode surface was found to be important in eliminating oxygen-
containing groups, yielding highly reduced graphene oxide (rG-0). In
the meantime, hydrogen bubbles were electrochemically generated at
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Unlike other metal-based G-0 reduction methods, the metal used here was either not etched at all (for Au) or etched a small amount (for Al), thus making it

possible to reuse the substrate and lower production costs. The delaminated rG-0 film exhibits a thickness-dependent degree of reduction: greater

reduction is achieved in thinner films. The thin rG-0 films having an optical transmittance of 90% (4 = 550 nm) had a sheet resistance of 6390 + 447 Q/C1

(ohms per square). rG-0-based stretchable transparent conducting films were also demonstrated.
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raphene oxide (G-O), obtained by

exfoliation of graphite oxide, is de-

fined here as an individual layer of
graphite oxide. Reduction of G-O (which
gives “rG-0") removes the majority of
oxygen-containing functional groups and
increases its electrical conductivity. Due to
its high flexibility and unique optical proper-
ties, rG-O thin films are attractive for emer-
ging thin-film electronic and optoelectronic
device applications."* Currently, rG-O thin
films are mainly fabricated through two
routes: (i) reduction of predeposited G-O
films or (i) deposition of reduced G-O
dispersions.”

For the first route, three major reduction
methods are available: thermal treatment,
chemical reduction, and electrochemical
reduction. To achieve highly reduced G-O
films by thermal treatment, high tempera-
tures (>1000 °C) and ultrahigh vacuum (or a
reducing environment) are required.®®
Such conditions are not compatible with
most polymer substrates. In the case of
chemical reduction, reducing agents such
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as hydrazine, 2~ '° N,N-dimethylhydrazine,"’
and sodium borohydride'? have been used
for deoxygenation, and because of their
toxic properties, safety precautions must
be taken when large quantities of these
reagents are used. Electrochemical reduc-
tion involves changing the Fermi energy
level of the electrode material surface and
thus direct charge transfer is used to effi-
ciently reduce G-O films on the electrode
surface.”>' However, due to the high hy-
drophilicity of G-O sheets, unsupported
G-O films can easily dissociate in aqueous
solutions. Water intercalation usually hap-
pens,’® and this adversely affects the initial
structure, especially for ultrathin films.

As for the route of depositing rG-O dis-
persion, the aforementioned harsh redu-
cing agents are undesirable in terms of
safety. Recently, mild reducing metal parti-
cles (Fe, Zn, and Al)'®~'® were reported as
“green” chemical reduction agents for G-O,
but the amount of the rG-O obtained is
limited by the amount of metal particles
that are consumed during this process.'”
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Moreover, such reduction processes alter the hydro-
philicity of G-O sheets dispersed in aqueous solu-
tions,'? and the resulting agglomeration of rG-O sheets
is detrimental for both film fabrication and per-
formance.?°

Here we report a new method that simultaneously
reduces and delaminates predeposited G-O films on
metal substrates. This method involves features of
electrochemical reduction''* and a CVD (chemical
vapor deposition)-graphene transfer method known
as 'electrochemical delamination'.?"? Electrons trans-
port from a metal surface to both G-O sheets and
hydrogen ions in solution, forming rG-O and hydrogen
bubbles, respectively. The bubbles promote delamina-
tion of the film without affecting its integrity. It was
found that the reduction of a G-O film depends on its
thickness; the C/O atomic ratio changes with respect
to the distance from the electrode surface. Ultrathin
rG-0O films with high optical transmittance and good
electrical conductivity were obtained, suitable for
transparent conducting film (TCF) applications. This
method can, in principle, be scaled-up to produce very
large-area rG-O films on arbitrary substrates, including
those that are stretchable and flexible. Unlike other
metal-based reduction methods, the metal substrate in
this approach is preserved for reuse.

RESULTS AND DISCUSSION

A dispersion of G-O platelets was prepared by dis-
persing graphite oxide made by a modified Hummers'
method;'" this dispersion was then spin-coated on a
metal substrate, which acts as an electrode in the
following electrochemical setup. Two different metal
substrates were used in order to better understand the
mechanism of G-O reduction and control for any effect
due to the electrode material: one was Al foil, an active
metal, as shown in Figure 1 (with and without electro-
polishing treatment), and the second was Au film (on
silicon wafer), a noble metal, shown in Supporting
Information (SI) Movie M1. By varying the G-O concen-
tration and the spin-coating speed, the film thickness
was adjusted from a few to hundreds of nanometers. A
removable poly(methyl methacrylate) (PMMA) cap-
ping layer was spin-coated atop of the G-O film to
maintain the film integrity (SI Figure S1).

For the reduction/delamination process (Figure 1a),
an electrolytic cell was made with PMMA/G-O/metal
substrate as the cathode and a Pt mesh as the anode.
Aqueous Na,SO, solution (0.5 M) was used as the
electrolyte. A 10—15 V direct current voltage was then
applied across the cell electrodes; this caused the light-
yellow G-O film to immediately blacken at the film
edges. This change in color indicates reduction of the
G-O film by elimination of oxygen-containing groups
and restoration of sp® carbon bonds."* Simultaneously,
hydrogen bubbles were produced at the edges by the
electrolysis of water: 2H,0 (I) + 2™ —H, (g) + 20H™ (aq).
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Figure 1. Simultaneous reduction/delamination of prede-
posited G-O film on a polished Al substrate. (a) Schematic
illustration of PMMA-supported film fabrication. Reduction
of G-O film occurs at the triple-phase (metal/G-O/electrolyte
solution) interline (dashed red rectangle). (b) Optical images
corresponding to key experimental steps. The entire reduc-
tion/delamination process is completed in 10 min fora 1 x
2.5 cm? film.

The bubbles gently and continuously delaminated the
reduced G-O film (with supporting PMMA layer) from
the electrode surface. This simultaneous reduction and
delamination process was completed in a few minutes
(Figure 1b), as opposed to other hours-long metal-
based reduction processes.'® More importantly, unlike
other metal-based reduction methods where the metal
is dissolved completely,’®™'® the metal foil used here
is not etched (for Au) or only partially etched (for
Al, ~025 mg/cm? per cycle). This enables us to reuse
the electrode material (see Sl for detailed discussion), mak-
ing the approach suitable for low-cost rG-O film fabrica-
tion. The delaminated PMMA/rG-O film was then rinsed
with distilled water and transferred onto the target
substrate. The capping PMMA layer was removed by
soaking in acetone for 8 h. If the desired final target
substrate is a castable polymer, the film fabrication
process can be further simplified by directly casting that
target substrate on the deposited G-O film, as shown
below for a polydimethylsiloxane (PDMS) substrate.

To understand the mechanism responsible for our
G-O reduction method, we first consider two pre-
viously reported metal-based reduction mechanisms:
(i) reduction due to the direct charge transfer between
metal and G-O sheets'*'* and (ii) reduction by nascent
hydrogen atoms (which are hydrogen atoms at the
moment of formation) produced on the metal sur-
face.?® With respect to our experiments, we found that
G-0O reduction did not occur when unpolished Al foils
were used as metal substrates, even though hydrogen
bubbles were still present. Considering that Al foil
inevitably forms a native surface oxide layer that is
inefficient for electron transport (insulating), we spec-
ulate that direct charge transfer is responsible for G-O
reduction in our simultaneous reduction/delamination
process. When electropolished Al foil (with thinner
oxide layer) or Au-coated wafer (with no oxide layer)
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Figure 2. Characterization of G-O reduction. (a) Raman spectra of the G-O reference and the reduced G-O film on quartz
substrate. D bands are fitted to Lorentzian curves (dashed). (b) Histogram distributions extracted from Raman map data for
Ip/lg (Sl Figure S3) before and after reduction. (c and d) XPS C 1s spectrum of G-O film before and after electrochemical

reduction/delamination. A Gaussian/Lorentzian fit is shown.

was used, electrons could efficiently transport across
the G-O/metal substrate interface and promote the fol-
lowing electrode reaction: G-O + aH,0 + be™—rG-O +
bOH™."* A triple-phase (electrode/G-O/electrolyte
solution) interline which is highlighted by a dashed
red rectangle in Figure 1a is thus required. With the
accompanying evolution of hydrogen bubbles, the
interline progressively moves along the G-O/metal inter-
face, providing access to “fresh” (not-reduced) G-O
sheets for the solution and subsequent reduction. Com-
pared with the static contact (between G-O film and
electrode) method used before,'® the moving reduction
front here is more efficient, particularly when large-area
rG-O films are the goal.

Raman spectroscopy (WITec Micro-Raman Spectro-
meter Alpha 300) was used to characterize the G-O film
before and after the reduction process. The character-
ization results for the rG-O films from both the Al foil and
Au film substrates were similar, as shown in Figure 2 and
SI Figure S2. Due to the decrease in size of the in-plane
sp® domains after extensive oxidation and ultrasonic
exfoliation,'® the G-O film exhibits a broad and intense D
(~1350 cm™") band in its Raman spectrum (Figure 2a).
However, that prominent D peak significantly narrows in
the delaminated rG-O film, with the full width at half
maximum (FWHM) decrease from 188 to 80 cm ™. This
compares favorably with values for other chemically or
thermally reduced G-O films and corresponds to a low
fraction of carbon atoms (<20%) that are not sp’
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hybridized.?* By extracting and analyzing Raman data
from a 30 x 30 um? map (Sl Figure S3), the relative
intensity of the D (K-point phonons of A;4 symmetry)
and G (~1580 cm™', zone center phonons of Eyg
symmetry) bands (Ip/lg) was found to increase from 0.8
to 1.2 (Figure 2b). The histogram shows that the rG-O
film is homogeneous over the scanned area, while the
Ip/lg increase is consistent with other G-O reduction
methods.'®2

The change in chemical composition of the G-O films
during the reduction/delamination process was char-
acterized by X-ray photoelectron spectroscopy (XPS;
see Materials and Methods). Figure 2c shows the C 1s
spectrum of a spin-coated G-O film on a quartz sub-
strate. By applying a Gaussian—Lorentzian peak fitting,
four peaks centered at 284.5, 286.6, 287.8, and 289.3 eV
are observed. These peaks correspond to sp? carbon,
epoxide/ether, carbonyl, and carboxyl groups, respec-
tively,'® and show the large amounts of heavily oxi-
dized G-O platelets. In contrast, the peaks associated
with the oxygen functionalities are significantly sup-
pressed in the rG-O film obtained by our electroche-
mical approach (Figure 2d). This is consistent with
a high degree of removal of oxygen-containing
groups. Also, beside the peak of sp? carbon, a small
peak (285.2 eV) assigned to sp> carbon appears. This
is likely due to a uniformly reduced G-O film after
delamination, leading to a narrower sp® peak and
less peak overlap.2® According to the survey spectra
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Figure 3. (a) TOF-SIMS depth profiles of normalized secondary ion species within a 550 nm thick rG-O film on a quartz
substrate. The ratio of carbon and oxygen (C/O) is used to indicate various degrees of reduction. Based on this, the film is
divided by partially reduced (shaded gray) and fully reduced (shaded cross-hatched pattern) regions. (b) UV—vis spectra of
G-O reference and rG-O films with different thicknesses. The red shift of peak position corresponds to recovery of conjugated

structures.

(SI Figure S4), the atomic ratio of carbon and oxygen
(C/0) was found to increase from 2.89 (for G-O) to 9.26
(for rG-0O) after electrochemical reduction/delamina-
tion. This value is among the best reported for G-O
reduced by other methods.'®

Due to the aforementioned charge transfer between
the electrode and G-O during the reduction/delamina-
tion process, the reduction is found to be thickness-
dependent: a higher degree of reduction was noted at
the electrode/G-O interface. This was confirmed by
TOF-SIMS (Time-of-Flight Secondary lon Mass Spectro-
metry) depth profiling through a 550 nm thick rG-O
film (Figure 3a). For this experiment, delaminated
PMMA/rG-O was transferred onto a quartz substrate
with the highly reduced G-O surface facing down.
PMMA was subsequently removed in acetone. The
depth profiling (conditions described in Materials and
Methods) penetrated about 1100 nm into the sample
and substrate (550 nm rG-O and 550 nm quartz, as
shown in Figure 3a). The normalized TOF-SIMS depth
profile of the Cs~ species (blue curve representing
carbon) is roughly constant in rG-O, and then it
abruptly decreases at the rG-O/quartz interface. In
contrast, the 'C,0~ species (red curve representing
oxygen) remains constant only for the topmost 120 nm
of the film and gradually decreases with increasing
depth of penetration. It reaches a floor at around
300 nm and remains constant until the interface
(indicated by the increase in silicon species, green
curve). A calculated C/O profile (gray curve using the
Cs~ and "*C,0™ species) obtained from the carbon and
oxygen signals shows the variation in the reduction of
the film through its thickness. The profile demonstrates
that the G-O film is highly and homogeneously re-
duced for a film thickness of up to 200 nm. For films
with a thickness higher than 200 nm, the degree of
reduction (C/O) gradually decreases.
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The thickness-dependent C/O ratio variation is at-
tributed to the parallel G-O reduction and hydrogen
evolution on the cathode surface. At the triple-phase
interline, G-O sheets in direct contact with the elec-
trode are first reduced by electrochemical reaction
due to its less negative redox potential compared
with hydrogen evolution. As the reduction proceeds
through the film thickness, the overpotential for G-O
reduction becomes higher due to the less efficient
electron transport in the rG-O part than that in the
metal electrode. As a consequence, the hydrogen
evolution becomes more significant and causes the
film to be delaminated by hydrogen bubbles. The
delamination cuts off the electron pathway from
the metal to the rG-O and terminates further G-O
reduction; thus, the full thickness of the film is not
completely reduced. These results show that the re-
duction/delamination approach works especially well
for fabricating thin (<200 nm thick for our case) rG-O
films.

This observation is also consistent with UV—vis
spectroscopy studies of the films of different thick-
nesses. As the film thickness is varied from a few to tens
of nanometers, the absorption peaks in UV—vis spectra
associated with w—s* transition show a consistent
shift from 235 nm (for G-O) to 270 nm (for rG-O), for
all measured films, as shown in Figure 3b. This sug-
gests an efficient and homogeneous reduction of
these thin G-O films,'® independent of their thickness
(as they are all thinner than our 200 nm threshold
thickness).

Simultaneous reduction and delamination of G-O is
particularly suitable for fabricating TCFs. Figure 4a
shows the TCF characteristics of G-O films reduced
by electrochemical reduction/delamination (e-rG-O),
compared with hydrazine (100 °C for 24 h) reduced
G-O films (h-rG-O, extracted from ref 10). In comparison
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Figure 4. (a) Sheet resistance and optical transmittance of G-O films reduced by hydrazine (gray) or electrochemical
delamination (red). (b) Changes in sheet resistance during stretching of the substrate. The arrows mark the order of the
measurements. The high density of wrinkles in as-prepared rG-O films is shown in the inset AFM image (with a scale bar of
2 um), which contributes to the good electrical properties up to a strain of 7%.

with h-rG-O films of the same thickness and transmit-
tance, the e-rG-O film possesses lower sheet resistance.
This can be ascribed to a higher degree of G-O
reduction.'? A sheet resistance of 6.4 kQ/O (ohms
per square) and an optical transmittance of 90% (4 =
550 nm) were achieved. This combination is superior to
most rG-O TCFs® and suitable for touch screen and
photovoltaic devices.>?’

This PMMA-supported G-O reduction/delamination
process is compatible with rG-O film fabrication on
flexible substrates. Alternatively, the intermediate
PMMA support can be eliminated if the desired final
target substrate is a castable polymer. As a demonstra-
tion, G-O film on Al foil was first spin coated with a
layer of PDMS (50 um thick). The G-O film was then
simultaneously reduced and delaminated by the same
electrochemical process (Sl Figure S5), yielding rG-O film
on a PDMS substrate. This structure allows for electro-
mechanical testing of the rG-O film by stretching the
PDMS substrate (Figure 4b). Stretching the structure up
to 7% strain showed no significant sheet resistance
changes along the stretching direction, which is
much better than what was observed in the CVD
graphene case.?® Atomic force microscopy (AFM, inset
of Figure 4b) and scanning electron microscopy (SEM,
SI Figure S1) show a random distribution of wrinkles
within the as-prepared rG-O films. Reportedly, these
structures contribute to an enhancement of film

MATERIALS AND METHODS

Electropolishing of Al Foil. Al foil (purchased from Boardwalk,
20-um thick) was employed as an anode in an electrolytic cell
with an Al plate as the cathode. The electrolyte solution was
prepared by mixing 100 mL of water, 50 mL of ethanol, 10 mL of
isopropyl alcohol, 50 mL of phosphoric acid, and 1 g of urea. A
Hewlett-Packard 612 System DC power supply applied a con-
stant potential of 6 V for 1 min, followed by Al foil washing with
distilled water and ethanol. A glass substrate (1 x 1in?), as a
rigid support, was then attached to the polished Al foil.

WANG ET AL.

electromechanical properties.?®
of overlapped and stacked rG-O platelets in the film is
also well demonstrated,?® and this is beneficial for
mechanical stability.3® Further stretching resulted in
a gradual increase in resistance. The film resistance
almost doubled with a strain of 13%. The electrical
properties of the samples stretched up to a strain of
11% were recovered after releasing and remained
consistent even after tens of stretching cycles.

Moreover, the sliding

CONCLUSIONS

In summary, a highly effective electrochemical ap-

proach is reported for simultaneous reduction and
delamination of G-O films. The electron transport
across the G-O/electrode interface was found to be
important for G-O reduction, and the extent of reduc-
tion depends on the film thickness. Hydrogen bubbles
are produced at the rG-O/electrode interface, which
delaminate the film from the metal substrate. Using
this method, homogeneously reduced G-O films with

thicknesses up to 200 nm were prepared on arbitrary

substrates. This approach is compatible with scaling-
up to produce large-area thin rG-O films with good

electrical conductivity and high optical transmittance.
This is suitable for TCF applications. Compared to other
chemical or electrochemical reduction methods, our
approach is green and particularly straightforward and

may impact future rG-O film techniques.

Au Electrode. A 50 nm-thick Au film was e-beam evaporated
onto an acetone/IPA treated Si wafer at a rate of 0.5 A/s under a

pressure of 5 x 10~® mbar.

XPS Measurement. A Kratos Axis Ultra XPS was used to deter-

mine the chemical composition of G-O films. The X-ray source

used was a monochromated Al K, (hv = 1486.5 eV), and the
optics were a hybrid with both immersion magnetic and
electrostatic lenses. The photoelectrons were collected with a
multichannel plate and delay line detector coupled to a hemi-
spherical analyzer.
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TOF-SIMS Depth Profiling. A TOF.SIMS 5 from ION-TOF GmbH
was used here. The depth profile was obtained using two
interlaced ion sources; a 1 kV Cs* “sputter” beam and a 30 kV
Bi™ “analysis” beam. Negative secondary ions were collected in
the time-of-flight mass analyzer. Species Cs~ and '*C,0~ are
used to track carbon and oxygen in the rG-O film, respectively,
whereas®°SiO, ™ represents the quartz substrate. These species
are selected due to their signal intensity (to avoid saturating the
detector while still generating sufficient counts), mass resolu-
tion (free from mass interference with other ions), and correlat-
ing well with the structure of the sample itself (for example,
0~ and '80~ appear in the substrate as well as rG-O but '*C,0™
appears only in the rG-0).

Sheet Resistance Measurement. Sheet resistance values were
obtained using the standard four-probe van der Pauw method.
Four gold electrodes were deposited in a configuration that
leaves a square film with a size approximately 0.5 x 0.5 cm?. For
electrical resistance measurements under stretching, a 1.5 X
0.5 cm? rG-O film with a PDMS supporting layer was transferred
onto another 1-mm-thick PDMS support to form a PDMS/rG-O/
PDMS sandwich stack. Between the sandwich layers, four con-
tacts (silver wires) were fixed at the edges of the rG-O films using
a silver paste (two contacts to measure the resistance along
the stretching direction, and two others in the perpendicular
direction). The electromechanical experiments were carried out
using a two-probe electrical contact instrument and a precision
mechanical system. The resistance values along the stretching
direction and perpendicular to it were measured by two
separate pieces of equipment.
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