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olloidal graphenes' 3 are im-

mensely interesting to the scien-

tific community, as the potential for
large-scale production would facilitate their
use in systems that harness their unique
electrical and mechanical properties.*®
Challenges, inherent to the use of colloidal
graphene to fabricate films and coatings, in-
clude control over the deposition site, the
dimension of the films, and the arrange-
ment of the graphene sheets within the de-
posit. Here, we report a straightforward
method to produce centimeter-sized films
of graphene oxide whose microstructure is
controlled, in part, by tuning the pH of the
aqueous suspension from which they are
deposited. Different microstructures engen-
der distinct surface wetting behaviors, as
measured by water contact angle. We also
demonstrate how the films can be made
free-standing, which aids their transfer to
arbitrary substrates. The techniques de-
scribed here suggest one path by which
graphene-based materials could be de-
ployed rapidly into technologically signifi-
cant coatings and devices.

Individual sheets of graphene with di-
mensions approaching 100 wm can be iso-
lated from graphite by the “Scotch tape
method” of mechanical cleavage,® allowing
them to be placed on substrates and pro-
cessed into electronic devices using litho-
graphic methods.”® However, mechanical
cleavage is poorly suited for large-scale pro-
duction of graphene. To increase the feasi-
bility of graphene for electronic device ap-
plications, different groups have studied
the growth of graphene layers via decom-
position of silicon carbide.”'® As an alterna-
tive to “dry” techniques, the use of colloidal
graphene has yielded an assortment of op-
toelectronic devices,'"'? composite
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ABSTRACT This report describes methods to produce large-area films of graphene oxide from aqueous

suspensions using electrophoretic deposition. By selecting the appropriate suspension pH and deposition voltage,

films of the negatively charged graphene oxide sheets can be produced with either a smooth “rug” microstructure

on the anode or a porous “brick” microstructure on the cathode. Cathodic deposition occurs in the low pH

suspension with the application of a relatively high voltage, which facilitates a gradual change in the colloids’

charge from negative to positive as they adsorb protons released by the electrolysis of water. The shift in the

colloids’ charge also gives rise to the brick microstructure, as the concurrent decrease in electrostatic repulsion

between graphene oxide sheets results in the formation of multilayered aggregates (the “bricks”). Measurements

of water contact angle revealed the brick films (79°) to be more hydrophobic than the rug films (41°), a difference

we attribute primarily to the distinct microstructures. Finally, we describe a sacrificial layer technique to make

these graphene oxide films free-standing, which would enable them to be placed on arbitrary substrates.

KEYWORDS: graphene -
thin films - wetting

materials,’*~ "> and functional coatings.'®
Suspension-based approaches are promis-
ing because the graphene can be prepared
in large quantities and distributed rapidly
onto nearly any surface.

Our approach utilizes aqueous disper-
sions of exfoliated graphene oxide (eGO)
sheets, synthesized from powdered graph-
ite using the modified Hummers
method."”'8 Individual sheets have a thick-
ness of ~0.7 nm and lateral dimensions
from 100 to 1000 nm (Figure 1a). The sus-
pension of eGO sheets is obtained by soni-
cation of graphite oxide in deionized water
(see Methods). Oxygen-containing groups,
like epoxides and carboxylic acids, contrib-
ute to the hydrophilic character of eGO, aid-
ing the formation of aqueous suspensions.
When suspended in water, carboxylic acid
groups, present on the edges of the
sheets,'® are deprotonated to yield nega-
tively charged moieties. Measurement of
the electrophoretic mobility () of the
sheets reveals information about their

electrophoretic deposition -

free-standing -
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Figure 1. Exfoliated graphene oxide (eGO) sheets. (a) An in-
dividual eGO sheet, imaged using atomic force microscopy,
with a thickness of ~0.7 nm. (b) Electrophoretic mobility of
eGO sheets in aqueous suspensions with pH values of 11.5
and 2.8. The absolute value of the electrophoretic mobility
of the acidic suspension is lower because the abundant pro-
tons in the suspension can neutralize some of the nega-
tively charged groups on the sheets.

charge state.?’ In both of the reported pH conditions
(pH = 2.8 and 11.5), the eGO sheets have a net nega-
tive charge (Figure 1b). Electrostatic repulsion among
the negative charges stabilizes the suspension of eGO
sheets by preventing their aggregation due to van der
Waals forces, per the Derjaguin—Landau—Verwey—
Overbeek (DLVO) theory.?! These charges also facilitate
the assembly of the eGO sheets via electrophoretic
deposition (EPD).

In EPD, an applied electric field drives charged par-
ticles toward a field-emanating surface. Under the
proper conditions, particles aggregate to form a lay-
ered deposit that adheres to the surface.?? The forma-
tion of a homogeneous, closely packed deposit requires
the use of a stable suspension in which the particles
are dispersed with minimal aggregation.?® Stable sus-
pensions of a wide assortment of materials can be pre-
pared by tuning the particle—particle interactions,*
foremost of which are attractive van der Waals forces
and repulsive electrostatic forces. EPD offers several ad-
vantages over other colloidal processing techniques, in-
cluding enhanced deposition rate, long-range morpho-
logical uniformity in the deposit, site-selectivity, and
size-scalability among others.?>~ 2 Because of these ad-
vantages, EPD has been the focus of wide-ranging
study in academic and industrial settings, especially for
the manufacture of ceramic materials.?>?%3° Addition-
ally, the morphology of electrophoretically formed de-
posits may be tuned by performing the deposition in
the presence of external mediating forces such as a
magnetic field.3'3?

The technique of EPD continues to be of interest
for new materials such as graphene. EPD can deposit
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multiple layers of colloidal graphene and may improve
the conductivity of previously oxidized graphene
through reduction electrochemistry.'?333* |n this re-
port, we show how multilayered films can be formed
with concurrent tuning of the morphology and the
physical properties of the graphene deposits using EPD
alone, with no external mediating forces.

RESULTS AND DISCUSSION

By using eGO suspensions with different pH values,
we fabricated multilayered films with different micro-
structures. In all experiments, dc voltages were applied
between parallel electrodes placed in the suspensions
with a separation of 5 mm (see Methods). In the ab-
sence of applied voltage, no visible film formed on
either electrode. Figure 2 panels a—c show a film of
eGO deposited onto stainless steel from a suspension
with a pH of 11.5 (designated “susp-A”) using 3V for 10
min. Negatively charged eGO sheets deposited on the
anode, whereas nothing deposited on the cathode. Us-
ing these conditions, films deposited over the entirety
of the electrode that was submerged in the liquid. From
scanning electron microscopy (SEM), the outlines of
overlapping eGO sheets were visible. Apart from inter-
mittent wrinkles, the sheets appeared to lie flat and par-
allel to the electrode surface, an orientation observed
in previous EPD studies using colloidal graphene and
other powders with a high aspect ratio.3373> We desig-
nated these films to have a “rug” microstructure to re-
flect the flat-but-occasionally wrinkled topology of the
eGO sheets that evoked the image of a throw rug.

Figure 2 panels d—f show a film of eGO deposited
onto stainless steel from a suspension with pH of 2.8
(designated “susp-B”) using 15 V for 10 min. Although
these eGO sheets also were negatively charged, the re-
sulting films remarkably formed on the cathode. The
anode showed only micrometer-sized regions of depos-
ited eGO after the EPD experiment (see Supporting In-
formation). The films, which deposited on the cathode
using these conditions, exhibited nearly complete cov-
erage of the area that was submerged in the liquid. The
films comprised microscale domains of flat eGO sheets;
these domains appeared to be stacked with different
heights. Interspersed among these domains were voids
of area = 10 wm?. This microstructure suggested that
the eGO sheets formed face-to-face adhering multilay-
ers prior to depositing on the electrode. We designated
these films to have a “brick” microstructure to reflect
the face-to-face adhering multilayers, or bricks, that
formed domains in unevenly deposited casts in an oth-
erwise continuous, yet porous film. Complementary im-
aging of the films using atomic force microscopy (AFM)
corroborated the microstructures determined by SEM
(see Supporting Information).

Measurement of the surface wettability of the eGO
films revealed that films with brick microstructure were
more hydrophobic than films with rug microstructure
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Figure 2. Characterization of electrophoretically deposited eGO films. Films with rug microstructure shown in a photograph
(a) and in SEM images (b,c). Films with brick microstructure shown in a photograph (d) and in SEM images (e,f). Water con-
tact angles for the rug (g) and brick (h) films, 41° and 79°, respectively. (i) XPS measurements of the C 1s spectra for the rug
and brick eGO films and the eGO sheets prior to EPD. Since the C 1s spectra remain largely unchanged after EPD, we subse-
quently attributed the associated higher contact angle of the brick films to microscale voids, such as air pockets, not to film
chemistry. This is supported by the Cassie—Baxter model, which considers the film’s surface as a composite of eGO and air.
With air, water is assigned a contact angle of 180°.

(Figure 2g,h). The notably dissimilar contact angles, 41°  that films become more hydrophobic with increas-
+ 2°for rug films versus 79° = 4° for brick films, can be  ing roughness since a growing fraction of the surface
attributed to primarily microstructure differences. The comprises pockets of air, whose contact angle is
Cassie—Baxter model®® of surface wetting predicts 180°. Thus, we inferred that voids in the brick micro-
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Figure 3. Understanding eGO suspension properties as a function of suspension pH. (a) Zeta potential of the eGO sheets as
a function of suspension pH (measurement error: pH, £0.1; zeta potential, =1 mV); (b) suspension with zeta potential —15
mV exhibiting the formation of flocculants; (c) suspension with zeta potential —35 mV free of aggregates; (d) schematic in-
dicating the manner in which eGO sheets form aggregates as the suspension pH decreases.
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Figure 4. Microstructure arising due to modification of colloidal charge. (a) Electrophoretic mobility measurements of susp-B
before and after performing EPD, indicating that the charge on the eGO sheets has reversed from negative to positive. Sche-
matics showing how individual eGO sheets give rise to the rug microstructure (b) while the formation of stacked-sheet ag-

gregates gives rise to the brick microstructure (c).

structure increased the contact angle of the other-
wise hydrophilic eGO film.

X-ray photoelectron spectroscopy (XPS) measure-
ments characterized the chemical composition of the
films (see Supporting Information). Figure 2i shows the
C 1s spectra for both films and for the eGO prior to EPD;
all of the spectra show peaks for C—C, C—0, and (=0
bonding, suggesting that the colloidal building block is
largely unchanged after the EPD process. The weaker
C—0 bonding signal relative to the C—C bonding sig-
nal in the brick eGO film may be evidence of some elec-
trochemical reduction during the deposition process,
similar to previous observations.3* The decrease in C—0
content alone, however, is not sufficient to explain the
different contact angles, as many of the hydrophilic car-
boxylic acid groups remained in the brick film.

T

Figure 5. Transferable eGO films. Steel substrates coated
with cellulose acetate were used as a sacrificial polymer layer
upon which eGO films were cast. Unlike the previously re-
ported sacrificial layer EPD technique, the deposited eGO
films required some encouragement to liberate from the un-
derlying substrate. Films with rug microstructure floating
on the meniscus of the acetone bath after liberation from
the steel substrate (a) and transferred to a Teflon sheet (b).
Similarly, films with brick microstructure floating on the me-
niscus of the acetone bath (c) and transferred to a Teflon
sheet (d). The ruler shown in all four frames is demarcated
in millimeters.
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The electrolysis of water is central to the mecha-
nism of eGO deposition for both suspensions. At the an-
ode, water decomposed to yield oxygen gas and dis-
solved protons, while electrons from the cathode
combined with protons to form hydrogen gas. These
gases were observed as bubbles evolving from the elec-
trode surfaces. To investigate the effect of partially dis-
solved protons on the eGO suspensions, we measured
the zeta potential ({) of the colloids at different pH val-
ues. { is associated with the degree of colloidal stability;
typically, 30 mV is the threshold above which colloids
are considered stable and are not prone to aggrega-
tion.?! For the probed pH values, { ranged from —15
to —35 mV (Figure 3a). Stable suspensions were
achieved at pH = 3.6, whereas suspensions with a pH
of ~2.0 ({ = —15 mV) exhibited flocculation (Figure 3b).
In contrast, the suspensions used in our experiments
(susp-A, L = —35.0 mV; susp-B, { = —25.7 mV) re-
mained free of flocculation or settling for durations
ranging from 24 h for susp-B to indefinitely for susp-A
(Figure 3c). Thus, a proton concentration increase can
trigger aggregation of the eGO sheets, resulting from
charge screening on the sheets that attenuates their
electrostatic repulsion between them. The shape of the
€GO sheets favors their aggregation by face-to-face
stacking rather than edge-to-edge or edge-to-face ad-
hesion®” (Figure 3d).

During EPD from susp-A, the increase in proton con-
centration at the anode due to water electrolysis de-
creased the electrostatic repulsion between eGO
sheets, enabling them to deposit on the anode. In
susp-B, the deposition of eGO sheets on the cathode in-
dicated a charge reversal from negative to positive
that occurred during the experiment. Measurements
of . of the suspension before and after EPD verified the
transition to positively charged colloids (Figure 4a).
This, the charge of the colloids shifted from { = —25.7
mV toward more positive values with the generation of
protons. In Figure 3b, the eGO sheets began aggregat-
ing at —15 mV. This aggregation would have continued
as { approached 0 mV as the electrostatic repulsion be-
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tween sheets decreased further. Once the aggregates
of multilayered eGO sheets formed, strong van der
Waals attraction between the sheets prevented them
from being readily separated. Thus, the aggregate for-
mation and associated charge reversal during EPD from
susp-B explain the film’s brick microstructure (Figure
4c). This phenomenon of charge reversal for EPD using
15 V in susp-B was evident in deposition runs shorter
than 10 min, as well. When the deposition time was 5
min, a film similar to that in Figure 2d was formed on
the cathode over the entire submerged area; this film
appeared less filled-in due to the shorter deposition
time (see Supporting Information).

To broaden the potential of using eGO films in var-
ied applications, we investigated using EPD in combina-
tion with a sacrificial layer technique, which would pro-
duce free-standing eGO films. Sacrificial layer
electrophoretic deposition was demonstrated previ-
ously with nanocrystals using an insulating polymer
that dissolved in water.3® Since our eGO suspensions
contain water, we cast onto our substrates cellulose ac-

METHODS

Formation of Exfoliated Graphene Oxide (eG0). Graphite oxide was
synthesized from powdered graphite using the modified Hum-
mers method.!”'® Bay Carbon, Inc. provided a sample of graph-
ite (catalog item SP-1). All other reagents were purchased from
Sigma-Aldrich. After the synthesis, the graphite oxide was
washed with dilute HCl and deionized water on a filter and then
freeze-dried to enable accurate measurements of the powder
mass. For the EPD experiments and suspension characterization,
suspensions of eGO were prepared at a concentration of 0.35
mg/mL. Their pH was tuned using HCl and KOH. In the EPD runs,
the electrodes, typically of 316 L stainless steel (McMaster Carr),
were mounted parallel to each other with separation of 5 mm.
The dc voltage was applied before dipping the electrodes into
the eGO suspension and remained on for 5 min after the elec-
trodes were withdrawn from the suspension.

Microscopic Characterization. The dimensions of individual eGO
sheets were examined by atomic force microscopy (AFM).
Samples for AFM were prepared by spin-casting the eGO suspen-
sion over a freshly cleaved mica surface at 4000 rpm for 60 s.
AFM imaging was done with a Digital Instruments Nanoscope
Il operating in tapping mode. The electrophoretic mobility of
the eGO suspensions was measured using a Malvern Instruments
Zetasizer Nano ZS. Zeta potentials were calculated from the mea-
sured mobility using the Smoluchowski approximation. The mi-
crostructure of the eGO films was probed using a Hitachi S-4200
scanning electron microscope operating at 1 kV. Water contact
angles were measured using a Ramé-Hart contact angle goniom-
eter. Contact angles reported here are the advancing contact
angles. XPS measurements were performed in an Ulvac-PHI 5000
VersaProbe spectrometer using a monochromatic Al Ka x-ray
beam (1486.6 eV). A 25 W, 100 wm spot size was used in all data
acquisition with both 1.1 eV electron and 10 eV Ar ion neutraliza-
tion. Photoelectrons were collected at 45° to the sample normal
into a spherical capacitor analyzer. Survey scans were acquired
for the range 0—1300 eV using a pass energy of 187.85 eV. High-
resolution scans for C 1s bonding were acquired using a pass en-
ergy of 23.5 eV. Data analysis and peak fitting were done with
the CasaXPS software package.

Formation of Freestanding eGO Films. The freestanding eGO films
were prepared by modifying the sacrificial layer technique re-
ported previously.>® A 110 nm layer of cellulose acetate (My =
30 000, Sigma-Aldrich) was spun cast onto the electrodes at 1000
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etate, which is hydrophilic but insoluble in water.®®
After depositing eGO atop cellulose acetate, we sub-
merged the substrates in acetone to liberate the films.
After the polymer had dissolved, we guided a razor par-
allel to the steel surface underneath the film to re-
move the film from the solvent.*’ This procedure
yielded macroscopic eGO films from both susp-A (Fig-
ure 5a,b) and susp-B (Figure 5¢,d), which were transfer-
able to arbitrary locations.

In conclusion, we have used EPD to produce large-
area films of colloidal graphene while controlling the
site of the deposition and the microstructure of the de-
posited films. The films" microstructures yielded dis-
tinct surface wetting characteristics, which may have
technological implications in functional coating appli-
cations. The capability of making free-standing films
may result in the deployment of these flexible, high-
surface-area films in display screens and energy stor-
age devices. The use of EPD may facilitate their integra-
tion in large-scale manufacturing when combined with
rapid techniques like roll-to-roll production.

rpm for 60 s from a 10 mg/mL solution in acetone. After deposi-
tion of the eGO films, the electrodes were soaked overnight in
acetone to dissolve the cellulose acetate. A single-edge razor
blade was pushed along the film—substrate interface to com-
plete the liberation of the films.*
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